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INTRODUCTION 
Nature of the Problem 
Iron and manganese are relatively abundant elements, 
amounting roughly to 5 and 0.1 percent of the lithosphere, 
respectively (1) (2) . They are found in both surface and 
ground water, particularly the latter. These elements 
exist in the soil as ferric and manganic compounds which 
are insoluble. As a result of biological reactions in 
the soil, ground water quality is altered so that iron 
and manganese are converted to the soluble form, Fe(II) 
and Mn(II) (3) . These two elements are perhaps the most 
widely prevalent, and aesthetically objectionable natural 
constituents found in water (2) . The problems associated 
with iron and manganese in public water supplies can be 
listed as follows (3) (4) . 
1) These elements cause a reddish (iron) or brown­
black (manganese) color to the water when 
exposed to air. 
2} Impart tastes and odors to the water. 
3} Cause the staining of plumbing fixtures. 
4} Provide a food supply for the growth of bacteria 
in the water mains. 
5) Interfere with laundering, dying, paper-making, 
and other manufacturing processes. 
6) Form precipitates in the water mains necessi­
tating frequent flushing. 
7) It has also been reported that manganese might 
possibly be toxic to the brain by bringing about 
a decrease in neurotransmitter substances in 
the brain {5) . 
The U. S .  Public Health Service (USPHS) recommended 
limits for iron and manganese in public water supplies 
to be 0. 3 and 0.05 mg/1 respectively (6) . The American 
Water Works Association goal is 0.05 for iron and 0.01 
mg/1 for manganese (7) . 
Scope and Objectives 
For the past three years or so, a gradual migration 
of iron and manganese deposits has been observed in the 
water mains to the west of the East Water Treatment Plant 
of Brookings, South Dakota . These deposits have been 
gradually migrating further westward from the plant (8). 
Routine analyses of the treated water from the East Plant 
indicate that the iron and manganese levels are within 
the USPHS recommended limits (9). Consequently, con­
clusive evidence that this plant is the source of the 
problem does not exist. However, the analyses are nor­
mally conducted on samples collected shortly before 
backwashing the filters. Thus, it is conceivable that 
enough iron and manganese could leak thro�gh the filters 
2 
for a time after being placed back into operation from 
cleaning. If any bacteria exist in the filters, perhaps 
some iron and manganese may be getting through due to 
reduction from the insoluble to the soluble-form in the 
filters. Also, maybe the concentrations in the filter 
effluent, even though below the USPHS recommended limits, 
are high enough to .cause a build-up of deposits in certain 
stagnant locations in the mains. At any rate, · the fact 
that the complaints initially were from users near the 
plant and, in later years, from further and further away, 
strongly suggests that the source of the trouble is the 
East Plant. 
The purpose of this investigation was to determine 
the effectiveness and optimum dosage of potassium per­
manganate for maximum removal of iron and manganese from 
the in�luent of the recarbonation basin, East Water 
Treatment Plant. 
Because the East Plant was designed specifically to 
remove iron and manganese by lime precipitation, a logical 
solution to the problem would be to increase the pH with 
a more complete precipitation of those ions. However, 
previous attempts to do this resulted in stability prob­
lems when this water mixed with that from the North Water 
Treatment Plant. Consequently, other possible solutions 
were consider�d. One of these potential solutions was 
3 
the addition of a strong oxidizing agent such as potassium 
permanganate to precipitate any unoxidized iron and man­
ganese prior to filtration. 
4 
To avoid disruption of treatment plant operations, it 
was decided to evaluate the effectiveness of potassium per­
manganate on a pilot scale. The effluent from the solids 
contact basin was selected as the point of application. 
Thus, the pilot units required were a recarbonation basin 
and a filter since these were the only units that followed 
the solids contact basin in the East Plant • .  
Using a pilot plant having the same detention time, 
filter medium, and filter rate as the East Plant, the 
objectives of these studies were as follows: 
1) To duplicate the performance of the East Plant 
in terms of iron and manganese concentration 
in the filter effluent, 
2) To evaluate the effectiveness of feeding 
potass�um permanganate on the filtered effluent 
iron and manganese concentrations, 
3) To detennine the permanganate dosage that will 
produce the lowest iron and manganese concentra­
tion in the filtered effluent, and 
4) To design and estimate the cost of a permanganate 
feeding system for the East Plant. 
11 
: I 
REVIEW OF LITERATURE 
Iron and manganese concentrations of ground water are 
influenced by the physical and chemical makeup of the 
surrounding soil and rock, the geological structure of 
these formations, the presence of microorganisms,_ and the 
hydrological conditions of the area. The most important 
of these is probably the chemical composition of the soil 
or rock, and the presence of reducing conditions created 
by microbial activities. 
Chemistry of Iron and Manganese 
Iron (Fe) and manganese (Mn) in ground wate� are 
generally derived from the solution of rocks and minerals, 
chiefly as forms of oxides, sulfites, and silicates. The 
concentration of Fe and Mn dissolved in natural waters is 
frequently limited by the solubility of their carbonates, 
siderite, (Feco3) ,  and rhodochrosite, (Mnco3) .  (4) . In 
5 
the pH range of 6 to 8 the theoretical solubility of ferric 
iron, Fe (III) , is 4xlo-lO to Sxlo-6 mg/1, respectively 
(10) . This solubility in natural waters is generally 
_governed by that of ferric hydroxide Fe (OH) 3, or ferric 
oxide hydroxide, FeOOH. To evaluate the solubility, the 
formation constants for soluble hydroxo-ferric complexes, 
FeoH++, FeoH2
+, Fe2(OH) 2
++++, and Fe{OH) 4
- must be con­
sidered together with the solubility product of hydrous 
ferric oxide (11) . In a given water, the hydroxo-ferric 
complexes �re in equilibrium with solid Fe(OH) 3-at a 
particular temperature (4) . 
The solubility of manganese dioxide Mno2 is less than 
hydrous ferric oxide, and therefore no soluble Mn (IV) can 
be detected within the pH range 3 to 10. In the absence 
of strong complex formers, Mn{III) does not occur as a 
dissolved species (4). 
Recent literature indicates that biological reactions 
represent an important mechanism in the dissolving of iron 
and manganese into ground waters (3) (10) . It has. been 
shown that Fe{III) and Mn (IV) are the only stable valence 
states of iron and manganese in oxygen-containing waters. 
However, under strict anaerobic conditions these insoluble 
species are reduced to the soluble forms of Fe (II) and 












+ CO2 (2} 
The carbon dioxide produced in the above reactions 
may dissolve appreciable amounts of ferrous carbonate, 
according to the following reaction (3) : 
(3) 
Reactions 1 and 2 happen only in an oxygen-free environ­
ment as exists underground and in hypolemnetic layers of 
6 
lakes or reservoirs (3) (4) (11}. The lower layer of the 
water which is cooler and more dense does not mix with the 
oxygen-containing water of the higher layers. Near the 
bottom of a polluted lake, the absence of dissolved oxygen 
and the resultant high oxygen demand, c�use the micro­
organisms feeding on the organic matter, to utilize oxygen 
in ferric and manganic oxides, converting them to soluble 
Fe and Mn (3) (11) (12) . In support of this phenomena, 
Ingols and Craft (13) reported that the concentration of 
manganese in Lake Sinclair, Georgia, was a function of the 
water depth. The concentration of manganese and dissolved 
oxygen at a depth of 9. 15m (30 ft) were 0. 08 and 2. 0 mg/1, 
respectively, and at 1 5. 2 5m (50 ft) , 2. 0 and 0. 0 mg/1. 
In the presence of dissolved oxygen both Fe(II) and 
Mn(II} are thermodynamically unstable in natural waters. 
The reactions associated with this instability are as 
follows (12) : 
2 Fe++ + ½02 + 5 H20----�> 2 Fe (OH) 3!+ 4 H
+ 
Mn++ + ½02 + H20 Mno2J+ 2 H
+ 
These oxygenation reactions are accomplished by a 
reduction in pH. 
Factors Affecting Iron and Manganese Oxidation 
1. Buffer Intensity 
(4) 
(5) 
Buffer intensity, which depends on pH, alkalinity, 
temperature, and dissolved solids, has been proved to have 
7 
a significant effect on Fe{II) oxidation at values higher 
than 4. 0xlo-3 equivalents per pH unit (14). The correla­
tion coefficient for the regression analysis between the 
oxidation of Fe (II) , Mn(II) and buffer intensity was 1.0. 
An alkalinity of at least 100 mg/1 as caco3 was shown 
necessary to obtain complete oxidation of iron in less 
than one hour after aeration (15) (16}. 
8 
Dependability of iron and manganese oxidation on pH 
has been demonstrated by many investigators (3) {4) {10) {11) . 
Oxygenation of Fe (II) seems to take place very slowly below 
pH 6.5, and even more slowly for Mn (II) (11) . This latter 
oxygenation is difficult to measure below pH 8.5. The rate 
of ferrous iron oxidation rises a
0
hundredfold with a unit 
increase in pH. If the pH is raised to 9.5 or higher, 
manganese oxidizes and precipitates rapidly. The rate of 
Mn oxidation is first order with respect to its concen­
tration (2) (3) . At a pH of 9.0, the half-life for oxida­
tion is about 1,5 minutes (2) . The half-life increases 
considerably at lower pH values. 
2. Organic materials 
An investigation by Jobin and Ghosh (14) concluded 
that organic materials, especially those containing hydroxy 
and carboxylic functional groups such as humic and tannic 
acids,may significantly retard the overall Fe{II) oxida­
tion rate. Others have also reported that the presence of 
organic matter hinders iron and manganese removal in 
natural waters (4) (10) (15). 
3. Silica 
9 
In a study of seve�al ground water ·supplies in Bangla­
desh, unsatisfactory removals of iron were experienced 
using aeration, sedimentation and filtration (16). These 
poor removals were attributed to an interference of silica 
with the alkalinity determinations which led to inflated 
results indicating the presence of sufficiently high bi­
carbonate alkalinity in the solution to insure rapid Fe (II} 
oxidation, when in reality, this was not the case. These 
results would appear to support the studies of Schenk (17) 
which indicated that dissolved monomeric silica present in 
natural waters in concentrations up to 120 mg/1, acting 
as a catalyst, substantially increased the rates of oxi­
dation of ferrous iron, and the hydrolysis of ferric iron. 
4. Cations 
Jenkins and Engeset (18) showed that naturally-
. 1 . 
. C ++ . d 1 f occurring ca cium ion, a , can ai remova o manganese 
involving rapid-sand filtration. Increasing concentra­
tions of ca++ increased Mno2 removal efficiency in the 
filter until an optimum Ca++ concentration was reached, 
which produced maximum removal efficiency. Further Ca++ 
increases hao little effect on the efficiency of the sand 
10 
filter (19) . Hult (20) also found that successful iron 
and manganese removal from a soft ground water was 
achieved by addition of Ca
++ to the water. This phenomenon 
is also supported by studies which disclosed that high ca++ 
concentrations in animal intestines, reduced the quantity 
of other metallic ions transported from the intestines 
into the vascular system {21) . 
An early study indicated that the addition of 1.0 
mg/1 copper sulfate crystal was significantly effective 
on removing manganese (22) . Later water work also revealed 
that copper acts as a catalyst to accelerate iron oxida­
tion (11) (23) • 
5. Iron and Manganese Bacteria 
Certain bacteria are capable of utilizi�g dissolved 
compounds containing iron for food and then depositing 
it in the £arm of hydrated ferric hydroxide. True iron 
bacteria are autotrophs, which oxidize inorganic ferrous 
iron as a source of energy and precipitate oxidized iron 
in their sheaths {24) { 25) . Concentrations of iron as low 
as 0. 1 mg/1 will support the life of such microorganisms. 
They include bacteria of the species Crenothrix, 
Leptothrix, Spirophyllurn and Gallionella. These micro-
organisms can bring about the corrosion of iron under 
aerobic conditions { 24) { 25) . 
11 
All species of iron bacteria are not strictly auto­
trophic; however, they are all truly iron-accumulating 
bacteria and thrive in water pipes containing dissolved 
iron. They all can form yellow or reddish-colored slimes 
with thicknesses up to several centimeters, which consist 
of hydrous iron and manganese oxides plus bacterial masses. 
When the mature bacteria die, they decompose, imparting 
objectionable tastes and odors to the water. 
Some of the problems attributed to iron bacteria in­
clude (24) (25) : 1) decreased pipeline carrying capacities, 
2) increased pumping head, 3) cause increased chlorine 
demand, 4) cause higher turbidity, 5) and cause objection­
able tastes and odors. 
Although they have not received as extensive investi­
gation as iron bacteria, it would appear that bacteria 
utilizing manganese employ essentially the same physiolo­
gical mechanisms causing the same problems (26) . 
1 2  
Iron and Mangane se Removal Methods 
The first iron-removal plant was cons tructed at 
Charlottenburg , Germany , in l 3 7 4 e The first plant in the 
United States was placed in operation at Atlantic Highland, 
New Jersey, 19 years later (4) . By 1 9 4 1  there were about 
5 9 8  iron and manganese removal plants in the United States. 
Factors that influence the selection of the type of 
treatment in an iron and manganese removal plant include : 
economic considerations 1 source of supply , and water 
characteristics ., 
Methods which have been commonly used for removal of 
iron and manganese from ground waters are summari zed in 
Table 1 .  
Direct Oxidation 
1 �  Aeration 
Aeration introduces oxygen into the ground water·, and 
removes carbon dioxide and other entrapped gasses from the 
'.j 
water through CO2 strippin� . Aeration can bring about as 
much as a 2 5  percent reduction in the time required for 
treating ground waters { 27) . In a survey of the perfor­
mance of 31 plants practicing iron removal , aeration gen­
erally of the coke-tray type was considered an effective 
means of introducing oxygen in all instances ( 4 )  . - I n  this 
survey , the pH was found to increase during aeration by 
about 0 . 3  units. 
1 3  















3.  Ozonation 
Description 
a.- ·  Aeration followed by 
filtration. 
b. Aeration, detention, 
and filtration. 
c .  Aeration, addition of 
lime to raise the pH 
and filtration. 
d. Aeration, addition of 
lime along with a 
coagulant or oxidation 
aid, and filtration. 
e. Oxygen contact in the 
ground, followed by 
filtration. 
Substitution of chemical 
oxidants for aeration 
Using ozone to oxidize 
Fe and Mn, and also their 
removal interference 
Oxidation and Removal by using an ion 
exchange medium 
Sequestering and holding iron and 
ma�ganese in the solution 
Oxidation and Removal of Fe and Mn by 
filtration with the aid of biological 
activities 
L _______ --J. ____________________ __..;.....i 
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The precipitation and aggl omeration of i ron and 
manganese are not instantaneous, even wh�n strong oxidants 
are added to the water . Consequently detention is us ually 
provided following aeration . The time required for the 
reaction to occur, apparently must be determined by mea­
suring the rate of precipitation for each individual water , 
to avoid the problems associated with insufficient reaction 
time ( 4). 
As noted previously , the oxygenation of Mn ( II) is 
slow at pH values below 9. 5 ( 4 ) . Thus the reaction of 
Equation 5 may be followed by the reactions shown - below, 
before complete Mn02 precipitation occurs ( 4 ) . 
( 6 )  
( 7 )  
Equations (� through (n are all shown in simplified form 
to emphasi ze the oxidations involved. The true reactions 
of  oxygen with the cations are more complicated and some-
i times act through hydro- and oxo-bridging mechanisms, which 
are important in coagulation and precipitation processes 
in water treatment {4) . 
When iron exists alone {with minimum manganese) in 
the water, simple aeration followed directly by filtration 
is often an effective removal method. However, the con­
ventional method, which involves aeration, detention , and 
filtration ,  is still predominant today, and probably is 
the most economical method for most ground waters. 
Ferrous and manganous carbonate in carbonate-bearing 
waters can be precipitated by addition of lime or soda 
ash, in a lack- oxygen condition ( 4) . Precipitation of 
ferrous and manganous hydroxide requires that the pH be 
increased to about 11 (4) . 
Hult ( 28) showed that ground water with high iron 
content (53 mg/1 Fe and 1.6 mg/1 Mn )  can be treated 
effectively using the conventional plant if the following 
factors are considered. First, the filter medium must 
15 
have the proper gradation. Secondly, attention �ust be 
given to the selection of the alkali material to be added 
to the water for adjusting the pH. Finally, adequate 
attention must be given to the oxidation to occur during 
filtration. In this study the existence of any inter­
ference was not mentioned, however, the raw water was 
relatively high in ammonia (0. 67 mg/1) , which may indicate 
the presence of' organic matter. It is interesting to note 
that in spite of the high iron concentration in the raw 
water, when the pH was maintained between 8. 2 and 8. 5, an 
addition of an oxidizing agent prior to filtration resulted 
in a £iltered effluent containing 0. 0 5  mg/1 iron, but man­
ganese did not match the standard limits. In order to 
remove additional manganese, a £urther increase of pH, or 
higher dosage of oxidizing agent was necessary. A 
comparison between soda ash and sodium hydroxide for the 
pH adj ustJnent clearly favored soda ash. 
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The Vyredox Method { 2 9) is based on the idea of oxidi­
zing and precipitating iron in ground water while in the 
ground . This is accomplished by pumping oxygen-saturated 
iron-free water into the ground. The presence of the 
added oxygen creates an oxidizing environment which rapidly 
shifts the redox equilibrium of the ground water in the 
area to the oxidizing condition, resulting in the precipi­
tation of iron and manganese. The change in equilibrium 
can be extended to a desired area and depth of the well, 
by adj ustment of the oxidation rate. Even though the 
precipitated iron and manganese deposits in the soil, the 
relatively large volume of the soil results in little risk 
of clogging or reduction in transmissibility. 
2. Use of Chemical Oxidizing Agents . 
The bivalent dissolved iron and manganese must be 
transfonned into insoluble compounds of higher valency in 
order to be able to precipitate and to be removed by 
filtration. However, in comparison with iron, the bi­
valent manganese compounds are oxidized at a relatively 
slower rate in the usual pH range of natural waters when 
atmospheric oxygen is used as the oxidizing agent. In 
fact, oxidation of dissolved manganese using atmospheric 
oxygen is generally effective only if the water is 
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suitably high in  a l kalini ty and pH ( 3 0). Also, the pres­
ence of organic compounds in the water might slow the 
oxidation process when carried out with atmospheric 
oxygen alone. These problems can often be alleviated by 
the use of chemical oxi dizi ng agents. 
In general , oxidizing agents are used either when the 
conventional method cannot satisfactorily remove the 
cations , due to the presence of interferences, or the need 
for higher quality water . Most investigators reporting on 
iron and manganese removal problems equate interferences 
with the existence of organic compounds in the water. It 
is  believed that organic compounds attach themselves to 
the iron and thereby prevent its precipitation {31) . This 
mechanism is referred to as " peptizing. " This allows the 
iron to pass through the filter. The organic compounds 
are believed to be of adequate size and of sufficient 
negative charge to attract small amounts of iron, hold 
them indefinitely, and still possess a net negative 
charge which can � attract cations. 
Some organic compounds inhibit oxidation of iron while 
others actually bring about its reduction at low pH. This 
idea was postulated by Jobin and Ghosh (14)  that in the 
presence of organic matter, the Fe(II) -Fe{III) redox 
couple acts as a catalyst for the oxidation of organic 
matter. However, in the same system, both the complexation 
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of Fe (II) and reduction o f  Fe (III) by the organic matter 
can also occur • .  The idea of iron reduction is also sup- · 
ported by Robinson (16 ) . 
Ingels and Craft (13) in their studies of two potable 
water supplies, concluded that the concentration of  man-
_ gane�� in the water was directly co�related with the 
concentration of organic matter present. This correlation 
indicated that the organic matter could be an interfering 
substance in the removal of manganese. They also noted 
that the removal of  manganese by oxidation occurred only 
after the oxygen demands of the organic matter or other 
interfering substances ( such as sulfite) were satisfied. 
The most corranonly-employed oxidizing agents are: 
chlorine (Cl2) and chlorine dioxide (Cl02) ,  potassium 
permanganate (KMnO4) and ozone ( 03) . These oxidants are 
generally used in conj unction with the conventional method, 
prior to filtration. 
a. Chlorine 
In the presence of free chlorine, oxidation of iron 
and manganese is usually complete within one to two hours 
after introduction in the pH range of 6.8 to 8. 4 ( 10) . 
A dosage of between 7. 5 and 9. 0 mg/1 of chlorine were re­
quired to oxidize 2. 2 mg/1 iron and 1.3 mg/1 manganese in 
the raw water at Sioux Falls, South Dakota ( in 32) . Pre-
chlorination to obtain a free chlorine res idual range of  0. 7  
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to 1.0 mg/1, will re sult in oxidation and precipitation of 
manganes e  within the usual detention periods of conven­
tional settling basins , 2 to 6 hou rs (10) . 
Breakpoint chlorination at pH below 8. 0 was found to 
result in slow precipitation of hydrated manganese (4 ) . 
Although oxidation by chlorine dioxide was found to be 
somewhat faster, effectiveness was only achieved when the 
pH was held above 8. 5. Oxidation using chlorine is not 
always effective for removal of manganese,  where it is 
organically bound UO). Such a case was encountered at the 
Milledgevilla city water treatment plant, treating wa ter 
from Lake S inclair, Georgia, in which it was shovm that 
manganese oxidation using chlorine was incomplete { 13). 
b. Potassium Permanganate 
In manganese-containing waters, more rapid oxidation 
is obtained using potassium permanganate rather than 
chlorine and chlorine compounds ( 1 0) . Permanganate 
usually oxidizes manganese ions to manganese dioxide 
within five minutes over a broad pH range (4) .  Therefore 
this might be considered a minimum detention time unless 
org2nic matter is present, in which case a longer time 
should be provided. 
The dos�ge of KMnO4 decreases with increasing pH (4 ) ,  
because more effective oxidation requires the presence of 
On-. In soft waters, KMno4 may produce an unfiltrable 
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color complex (10 ) . 
3 . O zonation 
Ozone is an allotrophic, unstable, three-atom form of 
oxygen. It is a faintly blue , pungent gas. Ozone has been 
shown to be very effective in destroying organics and in 
disinfection. It has been used for more than a century in 
water treatment. Because of its relatively high cost, and 
inability to persist long enough to maintain a res idual in 
the distribution system, its use as a disinfectant has been 
limited. However, thi s  situation could change as the cost 
of chlorination increases while those of ozonation are de­
creasing. Also the use of ozone �ight eliminate or sharply 
reduce the formation 0£ organohalides by chlorine. 
Furthermore, ozone can oxidize minerals such as iron 
and manganese as well as the organic materials that would 
otherwise interfere with their oxidation. It has been 
reported that humic substances in natural waters that have 
been indicated as possible interferences in iron and man­
ganese removal, were all converted to co2 after 9 days of 
continuous ozonation (in 31 ) .  
An extensive pilot study of iron and manganese removal 
using ozone was conducted in Moscow, Idaho. The raw water 
had iron and ma�ganese concentrations of 9. 5 mg/1 and 1.2 
mg/1 respectively ( 3 3 ) . In this study, with an ozone 
dosage of 8. 8 mg/1, and contact time of 3 0  seconds, 
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effluent iron and manganese concentrations below the USPHS 
Drinking Water Standards were obtained. There were indi­
cations that manganese was more difficult to oxidize 
than the iron. When the dosage was reduced to 6. 3 mg/1 
at the same contact time , iron remained below the desired 
limit, but the effluent manganese increased to 0.1 mg/1. 
The filtration studies indicated that a relatively fine 
filter medium was required to remove the oxide precipitated 
by ozonation. A comparison of the cost with other treat­
ment systems showed the ozone process was an economically 
attractive alternative . 
In a pilot study in Switzerland (30 ) ozonation of a 
ground water containing 0.35 mg/1 manganese and traces of 
iron showed that all values of Fe and Mn measured in the 
effluent were below 0. 0 1  mg/1. The residual ozone was 
held in a range of 0. 1 to 0.15 mg/1. In this study, ozone 
could be applied directly at the original pH of ground 
wate� (almost n�utral) and alkalization of the water was 
unnecessary. 
Although ozone is more effective in oxidizing iron 
and manganese than any of the other oxidation techniques, 
the organic compounds have not always been totally oxidized 
(in 31) . In these instances , the residual organics can 
interfere with iron removal by filtration through the 
complexation and peptization reactions. 
4 .  use of Oxidant Aids 
It is often difficult to remove Fe and Mn from a soft 
ground water by filtration. Hult ( 20) attributes this to 
the possibility of unfavorable surface forces on the par­
ticles of filter medium and on the precipitated products 
which makes absorption of iron and manganese difficult. 
In such cases, oxidant aids can effectively solve the 
difficulty. 
a. Calcium 
Hult (20 )  demonstrated that by adjusti�g pH and in­
creasing hardness by addition of ca++ , filtration ·effi­
ciency in removing Fe and Mn was s�gnificantly improved . 
'l'he raw water contained an average of 3.1 mg/1 iron, 0.38 
mg/1 manganese and total hardness of 10. 0 mg/1. I n  this 
study , NaOH and HCl were used for pH adjustment ; Cacl2 and 
NaHco3 were used to alternate hardness and the amount of 
bicarbonate. Hult ' s  conclusion supports the result of 
Jenkins and Engeset ( 1 8) on effectiveness of ca++ as a 
removal aid of iron and manganese. 
b . Magnesium Oxide (MgO) 
Magnesium oxide also can act as an oxidation aid for 
Fe(II) in the conventional removal method. A study by the 
Massachusetts Health Research Institute (34} indicated that 
the addition of MgO accelerated the oxidation of Fe {II) by 
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oxygen. There were indications that some absorption of 
Fe(II) takes place on the MgO particles in the absence of 
oxygen . In this study, a pilot plant was used consisting 
of an aerator, stirred reaction tank, and diatomaceous 
earth filter . Near complete iron removal was obtained by 
adding 5 to 2 0  mg/1 MgO and providing· 5 to 10 minutes of 
rapid mixing. It was suggested that the process of Fe and 
Mn removal occurred in two steps. Initially iron is re­
moved by absorption onto the MgO in the stirred reactor and 
then the manganese is oxidized by KMno4 in the filter 
during filtration. Magnesium oxide is believed to promote 
the oxidation of Fe { II) without markedly increasing the 
pH ( 4) . This has been attributed to the formation of a 
highly localized OH concentration close to the surface of 
MgO particles and the oxidation is believed to take place 
in these regions. 
Ion Exchange 
Both ferrous and manganous ions can be removed from 
water by the ion exchange using either pressure or gravity 
filters. Manganese zeolite (greensand) , sodium zeolite 
and hydrogen cation exchange resin can be used . Sodium 
zeolite is not economical for removal of Fe (I I) and }1n { I I) , 
when the water is hard (10) . For that purpose manganese 
zeolite is preferred. 
Manganese_ greensand is a _ granular mineral called 
glaucon ite • . When dry, it has a green color. The green­
sands used today are generally high capacity synthetic 
resins which have the same form as the natural greensand, 
but are impregnated with manganese oxide {35) . 
2 4  
Manganese greensand has the capacity to receive 
electrons. This means that it can oxidize iron and man­
ganese until it becomes saturated with electrons. These 
electrons can be removed continuously or intermittently by 
the addition of an oxidizing agent such as KMn04. This 
process, in which KMn04 is reduced 1 is called rege�eration. 
In the case of intermittent regeneration ( IR) , the 
greensand exchange capacity is restored by the regeneration 
sequence of removing the bed from service , washing it, 
regenerating with a dilute solution of potassium perma�ga­
nate and returning it to service, all requiring about l houL 
Additional time or an air-water wash may be required if 
there is no excess KMn04 in the wash water in one · hour. The 
other regeneration mode known as the continuous r�gener­
ation (CR) technique, which KMno4 is continuously fed to 
the f ilter, does not require a disruption in plant opera­
tion. In the CR process, generally the feed rate is _es­
tablished by setting ·the KMno4 dosage high enough so that 
the filter effluent turns slightly pink, and then cutting 
back slightly so that the effluent becomes clear (35). 
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The choice between the two regeneration techniques depends 
on the level and relative amounts of existing iron and 
manganese in the water. When iron removal is a primary 
objective with or witho t the presence of manganese , the 
CR technique is gener ly applied, because iron and also 
sulfide chemically re uce the manganese oxide catalyst on 
the surface of the greensand. However, when the removal 
of MJ1 is the primary goal and relatively small amounts of 
Fe are present, the IR technique is usually employed. 
A dual media de ign is generally employed when the CR 
process is used. The usual approach is to place approxi­
mately 30 cm (12 in) of graded anthracite coal over the 
greensand exchange bed. The coal ·serves as a roughing 
filter and reduces physical clogging of the exchange bed. 
The exchange capacity of a new greensand may be limit­
ed to 537 g/m3 (235 grains/cu ft) until the bed becomes 
conditioned or " seasoned" then by using more KM�o4, higher 
capacity up to 1 •• 143 kg/rn3 can be obtained ( 35} . 
Manganese greensand cannot always remove iron that has 
been sequestered with a polyphosphate. However, if neces­
sary, polyphosphate or a substitute chei.�ical could be fed 
downstream from the filters. -
The effluent quality from a properly-operated mangan­
ese greensand process normally contains less than 0. 1 mg/1 
iron and 0. 01 rng/1 manganese (35) . 
' 1  
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Problems encountered with the ion exchange method in­
c lude iron fouling , exchange bed expansion , breakdown of 
the greensand by pressure or mechanical abrasion, and bed 
clogging (3 5) . I£ the water contains dissolved oxygen 
(DO} ,  it oxidizes Fe ( II) to a form that can pass directly 
through the exchange bed or precipitate in the bed. This 
causes fouling of the greensand. 
As manganese-containing water passes through the ex­
change bed it is oxidized. The precipitated oxidation 
product adhere.s to the grains of manganese greensand en­
larging th�� - The net effect is a gradual increase in the 
bulk volume of the bed . The problem is more acute for 
waters containing 2 mg/1 or more df manganese. It has 
been reported that a 7 5  cm (30 in) greensand bed grew to 
a thickness of 12 5 cm ( 50 in) in one year (in 3 5) .  The bed 
expansion should be taken into account when des:1,-gning the 
filter by providing some kind of sluice-out connection to 
remove excess greensand. 
""' 
When a greensand is subjected to h�gh pressure it may 
break down . For this reason the pressure differential 
across the bed should not exceed 0. 8 4  �g/cm2 (12 psi) . 
Compared with other media, ion excha�ge resin beds 
have shorter lives. This has been attributed to mechanical 
abrasion during backwash, chemical break down, and excess 
pressure . The expected life of the greensand in a mangan­
ese-bearing water is 3 years (3 5) .  
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Kim ( 3 6) showed that a greensand , without the usual 
3 0 -cm (12 -in) layer of coal topping, clogs much faster than 
a coal medium filter due to the relatively small size of 
the greensand grains. He also indicated that when using 
KMn04 with greensand in the continuous feeding process , 
the greensand actually functioned as a separation medium, 
for which it is ill suited. In this instance, the oxida­
tion of Fe {II) is probably brought about solely by KMn04. 
He concluded that in filtration of ground water treated 
with permanganate a unisized coal medium performed much 
better than greensand. 
In Hawthorne, New Jersey , the removal of iron and man­
ganese is accomplished using three manganese greensand 
pressure filters, operating in parallel with the combined 
capacity of 1 57. 7 m3 /h {1 mgd) . The iron was completely 
removed and manganese concentration reduced to a trace (37). 
According to Reh (32) , as a general rule the use of 
manganese_ greens�nd { ion exchange) for iron and manganese 
removal should probably be limited to plants of 157.7 m3/h 
( 1 mgd) or less. The reason for this conclusion is simpli­
city of operation. However, other disadvant�ges of green­
sand which were previously mentioned may have also contrib­
uted to this conclusion. 
Stabilization 
This method is based on the agglomeration of the 
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individual tiny particles of iron and manganese and hold 
them in solution. This approach, which is usually achieved 
by the use of polyphosphate, generally is employed where 
the total iron plus manganese is less than 1.0 mg/1 (24) . 
To be effective in the stabilization of Fe and Mn, sodium 
hexamethaphosphate (SMP ) is applied before oxidation of 
iron and manganese occurs. The metaphosphate tends to hold 
Fe and Mn in solution but does not prevent the oxidation 
of Fe(II} and Mn {II) . The suggested dosage is a minimum 
of 2 mg/1 for 1 mg/1 iron plus manganese (24) . However, to 
reduce the amount of phosphate available for bacterial use , 
the SMP dosage should not exceed the metal requirement by 
more than 10 percent ( 5) .  
Dart ( 38 )  { 39) has shown that the application of 
sodium silicate at the point of chlorination is a success­
ful and economical procedure for preventing and deposition 
of Fe and Mn in water. A water with an iron concentration 
up to 1. 3 mg/1 was treated with 6 c 2 mg/1 silicate (38) . 
It was indicated 'that in some instances silicate may be 
more effective and less costly than polyphosphate (39) . 
In stabilization , it should be noted that the -�in(II) 
and Fe (II) are not actually removed from the solution and 
may therefore re-enter as soluble ions later via equili­
brium reactions ( 40) . Thus, there is always the potential 
for incrustation i_n the distribution system if the re­
entered Mn(II) becomes oxidized. 
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There are several situations which render the stabili­
zation method unsuitable for u se ( 2 4 )  ( 40) . For example , 
when the concentration of Fe (II ) plus Mn (II) exceeds 1. 0 
mg/1, the method is uneconomical. Secondly,- when the water 
is heated, polyphosphate···will revert to orthophosphate and 
lose its dispersing properties . Finally , the presence of 
phosphorus may stimulate bacterial growth in water dis­
tribu tion systems. Consequently , dosage of polyphosphate 
should not exceed 10 mg/1. 
Biological Removal 
This method is based on bacterial oxidation of Fe (II) 
and Mn ( II) and removal of them in the filter bed. In this 
method , a culture of iron and manganese bacteria taken from 
different ground waters is grown and introduced to the 
filter media ( 41) . The dissolved oxygen level in the water 
is held to less than 2 mg/1. Less than 10 per. cent of this 
oxygen will be used by the bacteria as they oxidize Fe ( II) 
and Mn (II) in the water flowing thro�gh the filter. The 
filter effluent will contain some of those bacteria. To 
remove them, another filtration may be necessary. 
One disadvant�ge of biological removal of Fe and Mn 
might be the problem of media_ growth. It is believed that 
the bacteria cause the formation of tightly-adhering de­
posits of Fe and Mn on the filter grains. If the deposits 
contain organic matter, the media growth may lower the 
density of the grains so that they may be easily lost 
during backwashing. Media growth has been reduced by 
cha�ging the mode of backwashing from water-air-water to 
air-water and increasing the backwash rate ( 41) . 
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Biological oxidation has a distinct advantage over 
the other methods of iron and manganese removal in control 
of the dis solved oxygen content of the treatment effluent 
( 4 0) . For example, it is possible with this method to 
produce an oxygen-free effluent, an effective way to re­
duce the corrosiveness  of the water. Also, -by aerating 
the treated effluent, it is possible to exert dire�t 
control over the stability index of the water. 
· Fil trati•on Mechanism in Re..Ttloval of Iron and MaP-ganes e  
Pas sage of water through a filter bed i s  neces sary in 
all cases of iron and manganese removal. The filter rates 
for rapid sand filtration usually range from 5 to 10 m/h 
(2 to 4 gal/min/sq ft) ( 4) .  Backwash rates normally used 
·I 
are 25 to 3 7. 5 m/h {lO to 1 5  gal/min/sq ft) · (4) . Filtra­
tion rates for ion exchange beds are usually higher, rang­
ing from 10 to 2 5  m/h(4 to 10 gal/min/sq ft) with the back­
wash rates reduced to between 1 5  and 20 m/h (6 and 8 
gal/min/sq ft) .  Normal backwashing can be completed within 
5 to 10 minutes. 
Filtration may be accomplished with many types of 
media such as sand, anthracite coal, coke, activated 
c arbon, diatomaceous earth, polystyrene, garnet, magnetite 
and different kinds of zeolite ( 4) (10) (36) . These mate­
rials can be used alone or in combination. Bed depths are 
commonly about 75 cm {30 : in) . Contact filtration is more 
desirable than cake £ iltration, because of the lower rate 
of head loss accumulation and obvious advantages inherent 
in deep filters (36) . A series of laboratory investiga­
tions of the performance of sand and coal media for iron 
removal using Giridish bituminous coal media showed a 
superiority of coal over sand in effectiveness and length 
of run (42) . The result also indicated that the coal 
filter could be operated at filtration rates of three to 
four times higher than rates used with conventional sand 
filters. 
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Kim (36) demonstrated that uniform-si zed anthracite 
coal was far superior to greensand in filtration effective­
ness in the continuous permanganate process. Thus it would 
appear advisable to use a layer of coal for filtration in 
conj unction with greensand beds. 
Down-flow filtration is generally considered more 
desirable than up-flow f iltration. There are several dis­
advant�ges associated with this latter approach (36) . The 
most notable are limitations in the maximum allowable and 
minimum grain size, clogging of the underdrain, tendency 
of the bed to lift, and the residual of dirty water left 
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o n  the filter surface after backwashing. 
The rei�oval of iron and manganese in a filter involves 
rather complicated physico-chemical mechanisms. The phe­
nomena are based on high sorption capacities of hydrous 
oxides of Fe ( III) and Mn ( IV) for bivalent metal ions. Both 
Fe(OH)3 and MnO2 tend to sorb F e{II) and Mn (II) ions res­
pectively ( 4 ) (11) . For instance, at a pH of 8. 0, capaci­
ties of 0. 3 mole Fe (II) and 1 mole Mn ( II) per mole of 
Fe(OH) 3 and Mno2 respectively have been reported (11) . 
Furthermore , it has been observed that as the contact 
interfaces become coated with hydrous oxides of Fe ( III) 
Mn(IV) , the removal of Fe (II} and Mn (II) by filtration 
occurs at increasingly faster rates and is more complete 
(1 1) • 
or 
Experimental support for the previously-described 
phenomenon has been provided by several investigators ( 4 0 ) 
(43) ( 44). It has been noted, for example, that the most 
predominant precipitate form of oxidation of Mn { II) during 
treab�ent of manganese-bearing water were Na4Mn14o2 7 and 
}in7013 ( in 40} . ·This mixture, which has been identified as 
0-Mno2 has h�gh protonic acidity and possesses a relatively 
high and lo�g-term stability. It has been shown that ca++ 
ions can serve as filter aid for improved growth of o -Mno2 
in sand filters. 
Graveland (43) indicated that the removal of iron and 
manganese  in sand filters is autocatalytic, employing a 
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heterogeneous, single-site reaction mechanism, in which 
the ionic oxyg en absorbed on the catalyst reacts with the 
cations in solution. Ferric oxide , formed during the 
ripening process acts as a catalyst for iron removal, and 
it has been shown that aMn304 is the catalyst for the re­
moval of manganese . In this study, the catalyst was re­
moved by centrifugation and dried in a nitrogen atmosphere, 
and its chemical structure determined to be a -type Mn3o4 
or {Mno1 •33) ,  an n-type extrinsic semiconductor with a 
light brown color. 
The overall reaction between manganese and oxygen on 
the catalyst is ( 43) : 
2Mn++ + {x-1) 02 + 40H
------i➔ 2Mri0x, zH2o + 2 (1-z) H2o · (8)  
As the equation shows, the Mn oxidation process is an OH­
consumer, indicating that the oxidation of manganese takes 
place in a solution with the pH greater than 7.0 . 
It has been proved that the surface of the aMn3o4 
catalyst is negatively charged and it is not oxidized 
below pH 11 { 43) . Thus, the efficiency of manganese 
removal in a filter might decrease for pH values h�gher 
than 11 . 
The study also indicated that if the rate of oxygen 
into the catalyst (aM.n3o4) layer is larger than the_ growth 
velocity of the catalyst, it will result in a reduction of 
the catalytic properties, which will eventually become 
zero, if the stable end-product, Mn02 is formed. (Although 
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a s  noted previously, }m02 does absorb Mn ( II) ions strongly, 
but is not catalytically active) . This occurs for oxygen 
concentrations higher than those normally found in water in 
equilibrium with the at..mosphere. 
Stankevichyue { 44)  also indicated that the ferrous­
to-ferric oxidation and subsequent removal in sand filters 
is autocatalystic . He believed that the media grains be­
came coated with a ferric hydroxide film which acts as an 
absorption catalyst, and absorbs dissolved ferrous ions 
from the solution even in the absence of dissolved oxygen. 
In supporting this phenomenon, Olson (45) stated that al­
though carbonates can be filtered effectively using cake 
filtration , it can be expected that the carbonate crystals 
will not stick to granular filter materials very well . But 
the insoluble Fe (OH) 3 can act as a coagulant or flocculant 
for the removal of ferrous carbonate in granular filters , 
and this explains the contention of Stankevichyue. 
Based on Graveland ' s  (43) conclusion , in addition to 
oxygen, H2so4 acts as a poison along with oxidizi�g �gents 
which oxidize the aMn3o4, therefore, it would destroy the 
structure of the catalyst. This means that if the addition 
of KMn04 is not continued the removal efficiency of the 
f ilter will temporarily be reduced until the catalyst re­
coats the sand _ grains. 
11!: , ,, 
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Filter Ripening 
" Ripening, " " agi!lg," or " filter initiation" may be 
defined as the coating of the filter media grains with com­
plex oxides of iron and manganese. The coat structure for 
iron is Fe(OH) 3 or a ferric hydroxide complex, and for man­
ganese it is said to be Mno2 or c5.:.�mo2 and a.Mn3o4 . 
A pilot plant study (29)  has shown that ferric iron , 
precipitated in the redoxgradient of soil, is capable of 
receiving and liberating oxygen in much the same way as 
hemoglobin in the blood. This same phenomenon occurs in 
f ilters with _ grains coated with ferric iron . 
Overall , these �oatings are essential in the physico­
chemical filtration process for efficient iron and mangan­
ese removal. Therefore, ripening new media is very im­
portant for successful operation (4)  even using ion ex­
changer media, and it requires considerable time to develop. 
The factors that influence formation of the catalyst 
l 
( crr--1n3o4) are (43) : 1 )  manganese hydroxyl and bicarbonate 
ion concentrations, 2 )  velocity of_ the water thro�gh the 
filter, and 3 )  the size of the ___ filter_ grains. 
Different methods have been s�9gested to reduce the 
filter �gi�g period (43 ) such as : 1) to mix a ma�gani­
ferous sand with the new media, 2) to add previously 
ripened (biol�gical ripened sand) to the new media, 3) to 
add a semi-conductor material such as NiO and 4) to 
pretreat the media with Fe2 O3 (at 10 mg/1) . It  is known 
from practice that if iron is present in the water , de­
manganization starts after deferrization. 
Iron and Manganese Determination 
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Numerous methods including atomic absorption , colori­
metry , volumetric filtration , polarography, and coulometric 
filtration have been used for determination of iron in a 
solution. Volumetric filtration and polarography are 
limited to relatively large concentrations of ferrous iron 
and not applicable to the low range generally found in 
natural waters ( 46 ) . The coulometric method is extremely 
sensitive ,  but normally not used in water treatment because 
of the required instrumentation ( 46). The atomic ab?orption 
spectrophotometric method is relatively accurate and s imple 
to use , and this method is considered superior to colori­
metry for iron determination , but requires expensive and 
sophisticated instrumentation ( 26) . 
Because of -their sensitivity and simplicity , colori­
metric methods have been used for the determination of 
ferrous iron in natural waters. A variety of color-devel ­
oping re�gents are available includi�g thiocyanate , 
pyridyles ,  nitrosophenol , and several derivatives of 
phenanthroline. All of t�ese compounds react with ferrous 
iron to fonn highly colored complexes. They are also 
capable of disturbing the ferrous-ferric equil�brium ( 46) . 
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Accordi�g to Standard Methods (26) the orthophenan­
throline method has received the greatest acceptance . How­
ever 1 this method has a few limitations (2 6)  (46) . For one 
thing, the molar ratio of orthophenanthroline to the total 
iron must exceed 30. Also, because of the instability of 
ferrous-orthophenanthroline, color measurement must be 
made within 10 to 15 minutes. The concentration of ferrous 
iron must be greater than 1 rng/1 when in the presence of 
ferric iron. Finally, oxidizing agents , heavy metals, 
nitrite, and organic matters can interfere with the 
analysis (3) (26) (46) . Because of these limitations, the 
use of bathophenanthroline {4 , 7-diphenyl-1, 10 phenanthro� . .  
line) method has been suggested ( 46) (47) . This phenanthro­
line derivative has a molar extinction coefficient about 
two times that of the phenanthroline, and concentration of 
ferrous iron as low as 0. 00 5  mg/1 can be detected (46} . 
The only problem associated with bathophenanthroline is 
its high cost . "· 
It is necessary with this method to acidify the sample 
usi�g HCl inun.ediately after collection to prevent oxidation 
of the ferrous iron . Then ferrous iron is treated with 
1 , 10 -phenanthroline at pH 3 . 2 to 3 . 3. A..11Unonium acetate 
buffer solution is used to obtain the proper pH . An orange­
red color complex is formed from the reaction of ferrous 
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iron with phenanthroline . This color formation follows 
Beer ' s  law, and its intensity is independent at pH between 
3 and 9 , ( 3 ) { 2 6 } • 
For determination of  total iron, all of the iron in 
the sample is converted to the soluble form by reduction 
to the ferrous state . This is done by boiling with hy­
droxylamine and hydrochloric acid prior to addition o f  
phenanthroline. The detection limit of this method is 
0 . 02 mg/1 (26) . 
Measurement of Manganese by Persulfate Method 
The atomic absorption spectrophotometric method 
enables the direct determination ot Mn in the sample· with 
acceptable accuracy. There are two colorimetric methods: 
persulfate and periodate. According to Standard Methods 
(26) , the former is preferred because it is less vulnerable 
to interferences. Also, the persulfate method is more 
rapid for samples with low manganese concentrations. This 
',, method is based on the oxidation of ma�ganese compounds by 
ammonium persulfate to form perma�ganate. Silver nitrate 
is used as a catalyst. The intensity of perma�ganate color 
is measured colorimetrically . The oxidation is carried 
out by boili�g the sample one minute in the presence o f  
nitric and phosphoric acid. Mercuric sulfate is added to 
control chloride ion interference. The effect of the 
other interferences, such as organic matter, can be 
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controlled by extending the boiling time and increasing the 
amount of persulfate (26 ) . 
Iron and Manganese Detemination Using Hach :Method 
The Hach Chemical �ompany has evolved several modifi­
cations of the analyses for iron and manganese which 
greatly simpli£ied and shortened the time required for 
these determinations ( 4 8) o These methods have been 
tabulated and described in Table 2. 
Hach Methods Available £or Iron and Manganese 
Table 2. Determination 
Hach Sensitivity 
Determination Hach Methods Reagents Range 
Ferrous iron Phenanthroline Ferrous iron 
Total iron Phenanthroline FerroVer 
Total iron FerroZine Ferro Zinc Two times the 
Phenanthro-
line method 





Total Periodate Citrate Buffer Used for high 
Manganese Sodium Peria- range concen-
date trations 
Total Tetrapheyle Citrate Buffer, Used for low 
Manganese Arsenium Sodium Peria- range concen-
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The Need for Pi lot Studies 
Today , knowledge of the behavior of iron and manganese 
in di fferent waters is limited. It is therefore important 
that waterworks design be based on examination of bench­
scale or pilot data. The relatively low-cost pilot study 
compared with the usual costs of plant construction make 
the pilot study a basic tool for the design of new , or 
alteration of existing �ater treabnent installations . 
Pilot filters of different sizes have been used in 
iron and manganese removal studies. The accuracy of the 
generated data may be influenced if pilot filters are too 
small where excessively large pilot filters result in un­
necessary expenditure for their construction. Pilot filter 
diameters normally need not be larger than 30 cm (12 in) , 
nor smaller than 10 cm (4 in) . A pilot filter with a dia­
meter of 2.6 cm (1. 02 in) has been used for laboratory 
studies {42 ) . The optimum diameter is probably around 15 
cm (6 in) . A study in Utah utilized a series of pilot 
filters 10 cm (4 in) in diameter and 4.6 m { 15 ft) in 
height (49) . The height of pilot filter depends upon the 
type , size f depth of media and gravel as well as the range 
of the head loss under study. To prevent the release of 
extraneous ions to the wate r , pilot filters normally are 
construct�d of glass for bench-scale studies and plastics 
such as polyvinylchloride (PVC) , for pilot scale m.i ts. 
I '  
j A 
4 1  
METHODS AND 1.V'.i.ATERIALS 
Iron and Manganese Analysis 
Analysis for total iron , £errous iron and total man­
ganese were conducted d�!ing the course of these experi­
ments. To j ustify _ use of the more rapid , simpler proce­
dures of Hach {48) 1 a preliminary study was carried out 
to dete·rmine how well the results· obtained compared with 
those using Standard Methods (26) . For the iron deter­
mination, the phenanthroline methods were compared. The 
persulfate method from Standard Methods (SM) was compared 
with periodate oxidation method from Hach Methods . (HM) 
for total manganese. A summary of the procedural re­
quirements of the various methods employed in this study 
for iron and manganese analyses may be found in Table 3. 
Procedural Requirements of the Hach and 
Table 3. Standard Methods 
No. of No. of Time* 
Reagents Measure- Procedural Required 
Used ments Steps 
Analyses SM HM SM HM SM HM 
Ferrous 3 1 5 2 7 4 
Iron , 
Tota l 4 1 6 2 12  4 
Iron 
Manganese 2 2 5 2 9 6 
*Time per determination based on conducting three 
identical determinations concurrently. 
Min. 
SM HM 
1 0  
19 
1 1  6 
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As the table clearly shows, the Hach Methods require 
fewer measurements and procedural steps as well as sub­
stantially less time than Standard Methods. 
Certain disadvantages were associated with the Hach 
Methods, however. For example, in the measurement of 
ferrous iron, no provision was made in the Hach Method 
to prevent oxidation of the ferrous iron except a recom­
mendation to conduct the analysis as soon as possible 
after sampling. For a raw sample which was aerated, 
considerable amounts of ferrous iron appeared to be oxi­
dized to the ferric state prior to analysis. Not only 
would this affect the ferrous analysis, but also the 
turbidity caused by the ferric particles may also inter­
fere with the manganese determination. 
To determine if the Hach Methods would yield results 
similar to those of Standard Methods,. 11 sets of samples 
were collected at various locations in the East Water 
Treatment Plant ·i and analyzed for total and ferrous iron 
and total manganese by both Hach and Standard Methods 
immediately after sampling. The results are presented in  
Tables 17A , 18A, and 19A. A statistical evaluation of 
these results using an analysis of variance is presented 
in Tables 20A and 21A. Based on this table, the follow­
ing conclusions were made : 
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1)  The analytical results obtained using the Hach 
Method £or iron were signi ficantly different 
from the Standard Method ,  (at 9 5  per cent level) . 
Also, it should be noted that differences for 
samples collected at different locations were 
not significantly different. 
2) The same statistical results were obtained 
for manganese analyses conducted using the 
Hach and Standard Methods ( at 9 5  percent 
level) . 
3 )  And the methods of analysis were not signifi­
cantly different on ferrous determination at 
9 5  per cent level of confidence. 
So Standard Methods, phenanthroline for ferrous and 
total iron, and persulfate for total manganese deter­
minations were used £or the analytical procedures· for the 
entire study. 
The performance of the East Plant units in terms of 
iron and manganese were also determined. The results 
are presented in Tables 22A, 23A, 24A, 25A, 26A and 27A. 
Dissolved Oxygen 
Dissolved oxygen analyses were conducted in accordance 
with idometric methods, azide modification as described 
in Standard Methods {26 ) . 
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Description of Pilot Plant 
The pi lot plant used in this study consi sted of a 
filter and reaction tank. The pilot reactor was fabrica­
ted from a 5 5-gallon barrel. It was painted with two 
coats of white paint to prevent corrosion from exposure to 
a strong oxidant such as potassium permanganate. The re­
actor was partitioned to provide an inlet zone , detention 
or reaction zone, and effluent zone. The detention time 
in the reaction zone was maintained at 20 minutes. The 
effluent from reactor was pumped to the top of the filter. 
A schematic flow diagram is presented in Figure 1. Also 
photographs of pilot reactor layout and pilot tank inter­
ior are presented in Figure 2 and' Figure 3 respectively. 
The pilot filter made of polyvinylchloride {PVC) , 
had a diameter of 30 cm (12 in) and a height of 2. 84 rn 
(112 in . ) . It was divided into two flanged sections. The 
underdrain system was the same diameter as the filter and 
2 5 cm (10 in) d�ep. The effluent line from the filter 
underdrain included valving for backwash, a meter and a 
plastic effluent riser tube with a diameter of 1.9 cm 
(0 . 7 5 in) . The riser tube maintained a 4-cm {1. 5 7-in) 
water depth over the filter media at all times to prevent 
air binding. The backwash effluent line was located so 
that a filter bed expansion of 50  per cent could be 
obtained. 
To Pilot Filter 
I 
�- l 
<: Chemical Feed er .-------------. Pump 
Unfiltered Wat er 
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Water Pump Reaction Tank 
(Petention Time = 20 min . ) 
Fj_gure 1 .  Schematic Diagram of Pilot Reactor . 
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Figure 2. Photograph 0£ Pilot Reaction Tank Layout 




The filter mediu.In and support  gravel were identical 
to that used for the East Plant filters. The med ium 
consisted of 68.6 cm (27 in) of No. 1 anthracite ranging 
from 0.6 to 0. 8 mm in size with a unifonnity coefficient 
of 1 . 7 5. The support gravel made up of four 1 0-cm (4-in) 
layers_ sized as shown in Figure 4. To facilitate sampli�g 
and measurement of head loss throughout the depth of the 
filter media, six piezometric tubes were installed in the 
filter sidewalls on 15-cm (6-in) centers •. A photograph 
of the pilot filter is presented in Figure 5. 
A Hallace-Tiernan series 94-100 Chemical feed pump 
was used to feed potassium permanganate to the reactor. 
Experiment I 
Pilot Start-up 
Pilot filter start-up commenced November 10, 1977 . 
The filter influent was pumped from the effluent main of 
the recarbonation basin. Backwash water was obtained 
from the high service pumping station discharge line. 
The backwash flow was calibrated to deliver 2. 2 m3/h 
{9 . 7  gal/min) which produced a backwash rate of 30.9 rn/h 
(12 . 36 gal/min/sq ft) . The pilot filter was backwashed 
for seven minutes. The backwash rate and times were the 
same as the East Plant. After placement of the filter 
m�dium, the filter was washed for two hours to remove dust 
a�d fines. The filter was then placed into operation. 
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Figure 4 .  Section View o f  Pilot Filt er . 
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F�gure 5 .  Photograph of Pilot Filter 
Length of Filter Runs 
Based on several preliminary runs, it was observed 
that the pilot filter could operate slightly more than 
50 
4 8  hours without overflowing. And since the East Plant 
filters were operated for 48 hours between backwashes, 
this time period was selected as the length of the filter 
runs for the entire study . 
s·election of Filter Rate 
Initially it was decided to conduct the pilot studies 
at a flow rate of 5 m/h (2 gal/min/sq ft) to duplicate the 
rate at which the plant would operate when producing the 
design capacity. However, becaus� of the water demand at 
the time of the study , {Table 16A), it was impossible to 
run the filters at this rate for more than one day. Also 
at any combination 0£ two wells and one filter in oper­
ation, a filter rate of about 7 m/h (2. 8 gal/min/sq ft) 
would result. Thus, it was decided to conduct the studies 
using well 3 which has the highest capacity of the three 
wells (Table 14A), and only one filter. This combination 
resulted in a filter rate of 4 m/h (1. 6  gal/min/sq ft). 
Therefore, the pilot filter was also operated at this 
rate to determine the optimum permanganate dosage. 
Sampling 
Samples of the filter influent were collected in two 
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bottles : one for use in the £errous iron dete:rmination 
and the other for the total iron and manganese analyses .  
The samples from the plant £ilter were taken from the 
clearwell before mixing the water with chlorine and 
fluoride. Because manganese has a strong tendency to be 
absorbed on glass storage bottles ( 48) , plastic containers 
were used  to collect all samples . 
Filter Ripening 
About seven days after initiation of pilot filter 
· operation, tests were conducted to see if the effluent iron 
and manganese concentrations approximated those of the 
plant filter. These tests revealed that the pilot unit 
coul d not achieve removals comparable to those of the 
East  Plant. A second series of tests were conducte� 
after operating the pilot filter an additional 30 days , 
and a statistical analysis (Table 2 8A) showed that the 
pilot performance was still di£ferent from that of the 
East Plant. This indicated that an additional aging 
time was required. 
Consequently, the pilot £ilter was operated another 
36  days for a total of 73 days, and another series of the 
data obtained from these tests are presented in Table 29A. 
Statistical analysis (Tables 30A and 3 1A) showed that the 
pi lot medium was sufficiently aged to be comparable  with 
the plant filters. 
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Experimental Procedures of Filter Duplication 
To determine· if the performance of the East Plant 
filters could be duplicated by the pilot filter, the 
following procedures were adapted. First, both the pilot 
and the plant filter (only one filter of the plant with 
well 3 was operating) were backwashed using the same time, 
flow rate, and backwash period. Then both filters were 
returned to the service at the same time. Sampling of 
the influent and effluent was initiated 30 minutes after 
the filters were returned to service. Head loss through 
the pi lot filter was also recorded during each sample 
period . Analysis of the samples were conducted immedi­
ately after collection, and included pH, total iron and 
manganese. Ferrous iron determinations were made on the 
influent samples. Sampling runs were repeated every 12 
hours over the entire filter run. After 48 hours of 
filter operation both filters were backwashed again , and 
the entire procedure repeated. 
Experiment II 
The actual amount of oxidant used for oxidizing Fe 
{II) and Mn (II) in the water cannot be calculated because 
part of  the permanganate will be used to satisfy the 
oxidation demand cf  reducing components such as sulfide, 
and also to oxidize interfering substances. Therefore, 
to obtain a reliable estimate of the required K.Mno4 
dosage ,  it is necessary to utilize pilot plant studies. 
Potassium Permanganate Feed 
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A series of experim�nts were conducted at different 
KNn04 dosages with at least �6 hours of operation at each 
dosage. The potassium permanganate feed concentrations 
were varied so that the chemical feed pump could operate 
within its normal output range for all dosages according 
to the schedule shown in Table 4. The feed solutions for 
the entire study were made up by dissolving permanganate 
in distilled water. 
The initial permanganate dos�ge applied was 5. 0 mg/1. 
This dosage and the 3.0 mg/1 dosage produced a pink color 
in the filter effluent, an indication that unreduced 
potassium permanganate was present and that the dosage 
was too high. The dosage was then reduced to 1. 0 mg/1. 
At least six samples of the influent and effluent were 
collected during each 96-hour experiment feeding dosages 
from 1.0 mg/1 to 0.01 mg/1 as shown in Table 4. The 
samples were analyzed for pH, iron and manganese. 




5 . 0  
3 . 0  
1. 0 
o . s 
0 . 25 
0 . 1 25 
0 . 05 
0 . 01 
0 . 12 5 
Combination to be used 
Feed Solution 
Concentration , mg/1 
10, 000 
10 , 000 
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144. 2  
86. 5  







*At flow rate of 5 m/h (2 gal/min/sq ft) , where the 
other feed rates are at 4 m/h (1.6 gal/min/sq ft) . 
Rate of- Iron - Oxidation 
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To determine the rate of iron oxidation, 7 samples 
from the aerator effluent and one from its influent were 
collected. Dissolved oxygen, pH, ferrous iron and total 
iron of one of the influent and effluent samples were 
measured right after sampling. The rest of the samples 
were stoppered and stored in the same water to keep the 
temperature of the samples the same as that of water in 
the upflow basin. The second sample was tested within 
the 30 minutes after the sampling and the 5 other samples 
were analyzed within the interval time of one hour. The 
analyses were conducted when well 3 was operati!}g. 
I 
' I  
5 5 
Air Bindin9 in Filter Medium 
During operation of the pilot filter, air binding in 
the filter medium was a continual problem. This problem 
was attributed primarily to a change in water temperature. 
The solubility of oxygen in water is strongly dependent 
on temperature. As the temperature increases the capacity 
of water to dissolve oxygen is reduced. Thus, if the 
temperature of water increases during filtration, oxygen 
will be released into the water . Furthermore, as these 
very small particles of oxygen come into contact with 
grains of medium and also the filter wall surface, they 
adhere to the contact surface. Bubbles are created by an 
acclli�ulation of many small particles of oxygen on these 
surfaces . However, the air bubbles were observed in the 
East Plant filter, when the total change in the water 
0 temperature was 0. 1 C throughout the plant units. This 
may indicate that the contact surface by itself is pro­
bably a reason for release of the oxygen. Finally, in 
; 
the case of high biological activities in the water, such 
as removal of iron and manganese by microorganisms, an 
additional factor, which is release of nitrogen gas, may 
be involved (41) . However, the chance of involvement of 
the biological activities factor in this study is too 
small to be considered. 
The bubbles were observed to accumulate primar.ily in 
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the upper 3 2. 5 cm (13 in) of the filter medium. Although 
air bubbles were also observed escaping £ram the water 
surface of the plant filter, the problem was more serious 
in the pilot filter because its smaller size provided 
greater potential for the ambient air to warm the water 
within. This conclusion is based on the observation that 
the total temperature increased through the pilot as 
shown in Table 5. Also temperature changes through the 
East Plant units are presented in Table 3 2A. 
Table s .  Temperature · r  ncrease T hroug h the Pi ot 1 P ant 
Pilot Total 
Filter Rate Reactor Filter ·Increase 
OC Oc oc -
4 m/h (1.6 gal/min/sq ft) 0 . 4  0. 35 0. 75 
5 m/h (2 gal/min/sq ft) 0. 2 0. 3 0. 5 
Although an increase in temperature of 0. 75° C may 
appear to be negligible, this increase combined with other 
physical factors seemed to cause serious air binding prob­
lems. In order to reduce the effect of air binding in the 
pilot filter, bubbles were removed by opening a sampling 
valve 1 7. 5  cm (7 in) below the medium surface. This was 
done approximately 4 times each filter run , about 5 
minutes each time. 
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RESULTS AND DISCUSSION 
These studies began October 3, 1 977, and ended March 5, 
1978. A log of the experiments conducted, hours involved, 
sfu-nples taken and analys_�s made are presented in Table 6. 
Ta bl 6 e . s urnmary o f E xperJ.Inen s on t C d ucte d 
Experimental Experimental Sample 
Period Subj ect Coll-
ected 
Preliminary East 8 0 










Experiment I I  Optimum 
2/8/78 KMn04 
to Dosage at 
3/1/78 4 m/h 
··.; 
Experiment III  Optimum 
3/1/78 KMn04 
to Dosage 











2 4  
3 8 0  
Analyses 
pH Fe-t+l Fe2 
4 0  68 76 
7 7 4 
9 9 5 
71 23  83 
126 4 4  82 
2 4  8 16 
277 1 5 9  266 
Hours 
Exp en-
Mn] no4 ded 
76 - 4 4  
7 - 4. 5 
9 12 7. 5 
83 - 76 
82 - 0.04. 5 
1 6  - 2 2  
273 12 2 58 . 5 
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East Plant Performance Study 
Analytical results of the East Plant performance are 
summarized in Table 7 .  As the table shows , removals of 
iron and manganese were below the USPHS Drinking _Water 
Standards recommended l:units. These results were obtained 
when the plant was . operating at about one third of the 
design capacity . The filter rate was 1. 7 5  m/h (0. 7 gal/ 
min/sq ft) . 
Mean Performance of the East Water Treatment 
Table 7 .  Plant, in mq/1 , except ·:,H. 
Effluent Ferrous Total Manga- Dissolved 
Sample Location 
pH Iron Iron nese Ox-.rgen 
Well 1 6 . 64 3 . 4 6 0  3 . 9 6 5  0 . 2 87 o . o  
Well 2 6 . 8 3 3 . 9 2 4  4 . 2 27 0 . 32 6  o . o  
Well 3 6 . 9 5 4 . 6 0 4 . 8 3 0  0 . 3 83 o . o  
Aerator 7 . 0 0 3 . 721  4 . 3 0 4  0 . 3 1 5  8 . 8  
Solids contact 8 . 51 0. 029 0 . 778 0 . 0 65 1 0 . 8  
Basin 
Recarbonation '1 8 . 2 6  0 . 0 2 8  0 . 8 38 0 . 0 5 9  -
Basin 
Filter 8 . 24 - 0 . 081 0 . 04 6  11. 1 
Statistical evaluations were made to determine if 
there was any significant differen�e in iron and manganese 
filter performance when the influent was changed from one 
well to another , and also if the effluent concentrations 
varied during the filter run. The analysis of variance 
I 
i !  
_. _J 
is presented in Tables 2 0A and 21A. This evaluation re­
vealed that: 
There was no significant difference in filter 
effluent iron and manganese concentrations 
no matter which well was supplying water to 
the treatment plant. Furthermore there was 
no significant difference in effluent iron 
and manganese when comparing concentrations 
30 minutes after initiating a filter run, 
subsequent to backwashing it , and concentra­
tions throughout the remainder of the run. 
Filter Control Study 
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After operating the pilot filter 37 days, a statis­
tical analysis was made on the results. Results of the 
analysis of variance are presented in Table 28A. This 
evaluation showed that the pilot effluent _ iron concentra­
tion was significantly higher than that of the plant 
filter. Also for the pilot unit, this concentration 
varied significantly during the filter run (at 90 per cent 
level) . But there was no significant difference in con­
centration of manganese from pilot and filter plant, and 
the time also had no significant effect on this concen­
tration. The results indicated that additional pilot 
filter operating time was required. It also indicated 
that iron removal was more sensitive with the inadequately 
aged filter . 
The data obtained from the tests conducted 7 3  days 
after aging of the pilot are presented in Table 29A. A ·  
statistical evaluation of these data is smmnarized in 
Tables 30A and 31A. This evaluation showed that: 
There was no significant difference between 
effluent iron and manganese concentrations 
of the pilot filter and the plant filter. 
Also there was no significant difference in 
effluent iron and manganese of the filters 
during the course of the 48 -hour filter run. 
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A determination of the minimum required time for 
filter ripening was not made since it was not the obj ective 
of this investigation. However, these studies revealed 
that a 73 -day aging period was sufficient for aging the 
mediu..m at a filter rate of 4 to 5 m/h (1.6 to 2 gal/min/ 
sq ft} when influent iron and manganese concentrations 
averaged 0.778 �g/1 and 0. 06 5  mg/1 respectively. It is 
noticed that the duplication tests were conducted when 
both filters were operating at the flow rate of 4 m/h 
(1.6  gal/min/sq ft) . 
Effect of Potassium Permanganate 
on Iron and Mangan·ese Removal 
These experiments were conducted to determine if the 
iron and manganese concentrations of the pilot filter 
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effluent could be reduced by feeding potassium permangan­
ate prior to filtration � Furthermore, should the use of 
the oxidiz ing agent prove benef icial, knowledge of the 
optirm.1-� dosage would also be of interest. As previously 
noted, a reaction time of 20 minutes was provided prior 
to filtration to simulate addition of permanganate to the 
influent of the recarbonation basin of the East Plant. As 
shown in Figures 1 and 2, water from the recarbonation 
bas in effluent line flowed to the reactor where it was 
mixed with KMn04 · in the inlet zone. After 20 minutes 
retention the reactor effluent was pumped to the pilot 
filter. The filtration rate was 4 m/h {1. 6 gal/min/sq ft) , 
the same as that of the East Plant. 
The influent and effluent data collected for each 
dosage, feeding at least 96 hours (2 filter runs) , are 
presented in Tables 33A through 38A. A sum_mary of the 
mean results may be found in Table 8. In general , it can 
be seen that all of the effluent iron and manganese con-
centrations were below the USPHS recommended limits for 
drinking water. The effectiveness of KMno4 in oxidizing 
iron and manganese can be seen by comparing effluent con­
centrations with and without the pennanganate feed. The 
negative manganese removal at the 1.0 mg/1 dosage may be 
attributed to the presence of unreduced permanganate. 
Also , it is conceivable that at the higher dosage, products 
Table 8 .  The E ffect of KMnO4. Dosages on. lron .and. Mangane s.e. Ren10val 
1. 
Pilot Influent P ilot E.ffluent P ercent Removal 
KMn04 Ferrous Total Total Total Total 
Dosage pH Iron Iron Manganese pH Iron Manganes e  
1 . 0  8 . 2 4 0. 0 3 2  1. 2 5 2 0 . 0 6 0  8 . 1 9  0 . 0 3 5  0. 0 4 7  
0 . 5  8 . 2 6  0 . 0 2 6  0 . 8 2 1  0 . 0 5 6  8.23  0 . 0 2 4  0 . 0 2 1  
0 . 2 5 8 . 4 0  0 . 0 2 6  0 . 6 5 5  0 . 0 5 6  8 . 33 0 .  0 2 4  0 . 01 5  
0. 125  8 . 2 6 0 . 02 9  o . a o 0. 0 6 7  8 . 2 5 0 . 0 2 3 0 . 0 0 5  
o . o s 8. 2 3 0.0 2 6  0. 6 4 7  0 . 0 6 5  8. 2 4 0 . 03 5  0 . 01 2  
0 . 01 8. 2 4  0 . 0 2 9 0. 8 8 2  0 . 0 6 8  8 ., 23 0. 0 4 5  0 . 0 2 4 
0 8 . 2 6 0 . 0 2 8  0. 8 2 8 0 . 0 5 9  8 . 2 1 0. 0 7 9  0 . 0 43  
1Except pH , all other numbers in the table are expressed in  mg/1 
2Percent Removal Manganese = ( 0 . 0 4 3-0 . 0 4 7 )  x 1 0 0/0 . 0 4 3  = -9 1 3 % 
Iron Manganese  
5 5. 7 - 9 . 3 2 
6 9 . 6  51 . l  
6 9 . 6  6 5 . l  
7 0 . 9  8 9 . 3  
5 5 . 7 7 2.0 
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of permanganate oxidation may not be as filterable as the 
products of lower dosages. When the KMno4 dosage was re­
duced , the removals of iron and manganese both increased 
substantially, and then decreased. 
A statistical evaluation of the iron and manganese 
concentrations of the pilot effluent at different KMno4 
dosages, using an analysis of variance , is presented in 
Table 3 9A. Based on this table, it was shown that: 
The effect of the pennanganate on removal 
of iron and manganese was highly signifi­
cant {at the 9 9  per cent level) . The results 
also indicated that changes in potassium 
permanganate dosage had no significant 
effect on effluent pH. A comparison be­
tween the data of different KMn04 dosages 
and without permanganate indicated that 
removals of iron and manganese by potassium 
permanganate were highly significant. 
The effluent concentrations of iron and manganese are 
plotted as functions of the KMn04 dosages in Figures 6 and 
7. It can be seen from these figures that the relation­
ships are almost parabolic. In these curves it is 
evident that the point corresponding to the permanganate 
dosage of 0. 2 5  mg/1 is clearly inconsistent with the 
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of the lime feeder of the East Plant increased the pH of 
upflow basin from 8. 5 to 9 . 5. It is believed that this 
increase may have altered the pilot influent quality when 
compared with the other runs. 
The optimu_� potassium permanganate dosage for maximum 
removals of iron and manganese taken from Figures 6 and 7 
are presented in Table 9. 
Ta bl 9 e . .L • Op 1...imum Dosages 
t is obvious from this table 
f or I ron an d Manganese Rernova 1 
Effluent Effluent KMnO4 
Dosage, mg/1 Iron , mg/1 Manganese, mg/1 
0 . 125 0. 023 0. 0 0 5  
0. 225 0. 021 0. 007 
that the minimum dosages for maximum removals were not 
identical for iron and manganese. Table 8 indicates that 
the reduction of iron and manganese concentrations to 
zero by KMnO4 was nearly impossible. However , the mini­
mUi� detectable concentration of iron and manganese for the 
analytical methods employed are not less  than 0. 02 mg/1 
for iron and 0. 00 5 mg/1 for manganese (26) . To compare 
the optimwn dosages in Table 9 with the corresponding 
iron and manganese in the effluents, the lower of the two 
permanganate dosages is obviously preferred as the 
selected dosage on the basis of economy. At this dosage, 
0. 12 5 mg/1 , iron was reduced by a factor of 3. 4 and 
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manganese by 8 . 6  compared with that of filtration without 
feeding pennanganate. At the selected dosage, the effluent 
concentration of iron is 13  times and the manganese 10 
times lower than their respective USPHS recommended limits 
for drinking water. 
Iron and Manganese Removal at the Design Filter Rate of the 
East Plant 
As previously mentioned, in determining the effective­
ness of KMn04 on iron and manganese removal, the pilot unit 
was operated at 4 m/h (1. 6 gal/min/sq ft) , because this was 
the rate at which the East Plant was loaded. However , the 
rate at which the plant was designed is 5 m/h (2 gal/min/ 
sq ft). To determine the effectiveness of the optimum per­
manganate dosage (0. 12 5 mg/1 KMn04) in removal of iron and 
manganese at the design filter rate, a series of samples 
were collected during a 120-hour pilot filter operation. 
The analytical results obtained from these samples are 
presented in Table 40A. Also , for a better comparison of 
the optimum dosage effects on both filter rates, means of 
iron and manganese concentrations in the pilot effluent 
are shown in Table 10. The results indicate that effluent 
iron was 2. 6 times and manganese 8. 6 times lower than that 
of the effluent without KMn04 feed. Also, effluent iron 
and manganese concentrations were 10 times lower than 
USPHS recorrL�ended limits for drinking water. Moreover, 
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Mean Effluent Iron and Manganese Concentrations 
Table 10 • . at 0. 12 5 mg/1 KMno4 
Flow Rate Iron Manganese 
rog/1 mg/1 
4 m/h ( 1 .6 gal/min/sq f t) 0. 023 0. 00 5 
5 m/h (2 . 0  gal/min/sq f t) 0. 030 0 . 00 5  
concentrations of effluent iron at both flow rates may in­
dicate that iron removal was more sensitive to a higher 
filter rate than manganese removal. 
To determine if there was any significant difference 
in iron and manganese removals using the 0. 125 �g/1 KMn04 
dosage , the results obtained at the two different filter 
rates were compared statistically as shown in Table 41A. 
Based on this analysis , it was found that : 
There was no significant difference in removal 
of manganese when the f ilter rate was increased 
from 4 to 5 m/h {1 . 6 to 2 gal/min/sq ft) . But 
the increase of 25  percent in the filter rate 
significantly decreased removal of iron (at the 
99 percent level ) . Finally , the increase in 
filter rate had no signif icant effect on . the pH 
of the filtered water. 
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· Evaluation of Head Loss Through the Pilot Filter 
The head loss data collec ted over 48-hour periods at 
filtration rates of 4 and 5 m/h (1. 6 and 2 gal/min/sq ft) , 
with and without feed ing the optimum Ki"ln04 dosage of 0. 125 
mg/1 are presented in Tables 42A, 43A, and 44A. Typical 
head loss data from these tables are presented in Table 11. 
Percent of Total Head Loss {HL) at the End 
· Table 11 � of 4 8  hrs.1 
Medium Thickness I Gravel. 
17.5-3 2,5 cm 3 2,5-6b5 cm 62.5-107.5 cm 
Filter Rate 0-17.5 cm (13-25  in) (13-25 in) ( 25-43 in) 
(0-7 in) HL/15  cm HL/15 cm HL/15 cm 
Med ium Medium Medium 
5 m/h . .  
( 2  gal/min/sq ft) 69. 4 4 . 9  1. 53 0.92 
4 m/h 
( 1 .6 gal/min/sq ft) · 8 0  4 . 1 1. 57 0. 95 
4 m/h 
(1. 6 gal/min/sq ft) 83.7 2. 7 1 . 2  0 . 90 
with 0.125 mg/1 
KMn04 
5 m/h 
(2 gal/min/sq ft) 76. 5 3.3 1 . 38 1 . 10 






3 3  .4. 
36.2 
1Except the total head loss column which was recorded in 
inches, 1 in. � 2. 54 cm. 
From this table it is apparent that most of the head loss 
accrued in the upper 17. 5  cm (7 in) of the medium ranging 
from 69. 4  to 83.7 percent of the total. Only about three 
7 0  
to five percent of the total head loss was found in the 
second layer . The support gravel was even a lesser cause 
of head loss, ranging from 0 . 9  to 1 . 1 percent of the total. 
When head losses through the filter are plotted for 
various sampling times, the profiles presented in Figure 8 
are obtained. It  is readily seen from this figure that 
head loss through the filter was non-linear with respect 
to depth. These results are consistent with those of Kim 
(36) who found that head loss increased curvilinearly with 
filter depth in a graded medium. In this medium the total 
head loss was about three times higher than that of uni­
sized medium. It is also clearly evident from Figure 8 
that except for the upper 17• 5-cm · (7-in) layer, the head 
loss profiles through the remaining depth were quite 
similar in slope. Furthermore, the head losses in Tables 
4 2A and 43A show that total head loss and the head loss 
through the upper layer were independent of filter rate. 
Additionally, feeding KMnO4 resulted in an increase of 
about 5 percent in total head loss . However, an evalua­
tion of the relationship of permanganate feeding and head 
loss was beyond the scope of these studies . 
Rate of Head Loss Increase 
Figures 9 and 10 include plots of head loss versus 
the length of filter run for filter rates of 4 and 5 m/h 
(1. 6 and 2 gal/min/sq ft). As can be seen from these 
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figures , the relationships of  head loss and time were non­
linear for the first 2 4  hours of filtration , but there­
after the head loss  appears to be proportional to filtra­
tion time. Based on Kim ' s study ( 36) the nonlinearity is 
due to the wide range of the media grain sizes. He found 
that the relationship between head loss and time in a 
unifonn medium of unisize grains was linear . 
Maximum Head Loss  
The East Plant filters require backwashing when the 
head loss  reaches 2. 44 m (8 ft) . Based on this design 
value , the time for the pilot filter to develop this head 
loss was found for both the filte� rates at the optimum 
KMno4 dosage. From an extrapolation of Figures 9 and 10, 
a value of 251 hours was obtained for 4 m/h (l.6 gal/min/ 
sq ft) and 222 hours at 5 m/h (2 gal/min/sq ft). The ex­
trapolations and the ti.mes for max imum head loss are shown 
in Figure 11. Thus, it is readily apparent that feeding 
permanganate should not present any problem s with un-
usually short filter runs. 
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Iron and Man"gane·se Removal· with Respect to· Medium Depth 
After it had been demonstrated that iron and nanganese 
removals in the pilot f ilter were similar to those in the 
plant f ilter , samples were collected at the surface and at 
15 -cm ( 6-in} intervals through the entire depth of the 
medium . These samples were collected 24 hours after back­
wash, i. e .  midway through the filter run. Total iron and 
manganese concentrations Tr,ere determined in all samples. 
These results are included in Tables 4 5A and 46A. 
The analysis of the mean result from the two tests are 
presented in Table 47A . From this table it can be found 
that only 17. 6 5  percent of the total iron removal was 
achieved in the upper 17.5  cm (7 'in) of the medium whereas 
68.75 percent of the manganese was removed in that layer 
of medium. The situation is almost reversed in the second 
15-cm {6-in)  layer where 71. 4 percent of the iron and 
18. 75 percent of the manganese were removed. The data 
also indicate� that about 3. 25 percent of the iron removal 
occurred in the upper layer of support gravel which is a 
fine gravel; whereas, manganese removal was confined 
strictly  to the upper 47.5-cm (25-in) layer o f  the media. 
The percent removals of iron and manganese versus filter 
depth are shovm in Figures 12 and 13 respectively. 
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· Rate of Oxidation 
The oxidation rate of iron was evaluated to determine 
the effect of detention time on the conversion of iron 
from the soluble ferrous state to the insoluble ferric 
state in the aerated water. The results of this experi­
ment using water from well 3 are presented in Table 12. 
Table 12 . Iron Oxidation Rate Data 
Sample 
no1 Fe++2 Fe3 Fe+++4 Fe+++ & pH 
· Time mg/1 mg/1 mg/1 mg/1 Fe:X:100 
Well 3, 10: 4 5  6. 80 o . o  4.83 4. 84 0. 0 1  0. 21  
10: 45 (0 hr} 7.20 8.9 4.6 5  4.83 0. 18 3. 73 
11: 15  {0.5  hr) 7. 25  8. 9 2. 42 4. 83 2. 41 49. 9 
11: 45 (1 hr) 7. 25 8. 9 1.27 4. 83 3. 56 7 3. 71 
12: 45 (2 hrs) 7. 30 8. 85 o . so 4 . 83 4. 33 89. 6 5  
13: 45 ( 3 hrs) 7. 30 8. 85 0. 26 4. 83 4. 57 94.62 
14: 45 ( 4  hrs}  7. 30 8. 8 0. 17 4. 83 4.66 96. 48 
1 5 : 45 ( 5  hrs) 7. 40 8. 8 0. 11 4. 83 4. 72 ·97.  72 
Contact Basin 8.6 10. 8  0. 028 0. 893 0 . 86 5 96. 86 
Effluent, 15: 45 
1no = Dissolved oxygen 
2Fe++ = Ferrous iron 
3Fe = Total iron 
4Fe+++ � Ferric iron 
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From this table it can be determined that only about 3. 7 
percent of the total iron wa s oxidized during aeration. 
This indicates the necessity for providing additional 
time after aeration for oxidation to occur. During the 
f irst 30  minutes, more than 49 �ercent of the iron was 
oxidized , and after the first hour more than 73 percent 
of the total iron was in the ferric state. 
Figure 14  shows the relation between ferrous and 
ferric iron� pH, dissolved oxygen and time. It is readily 
apparent from the figure that the rate of oxidation was 
quite rapid for the first two hours and then slowed con­
siderably thereafter. The oxidation was almost complete 
after five hours with 97. 72 percent of the total iron con­
verted to the ferric form. Consequently, the iron in the 
water probably could be removed by aeration, detention for 
at least five hours, followed by filtration, without the 
necessity of increasing the pH with lime. 
Analysis of samples taken from the contact bas in 
five hours after aeration revealed that an average of 96. 8 
percent of the total iron was in the ferric state. This 
is about 0.9 percent less than that of water taken d irect­
ly from the aerator effluent and analyzed five hours 
later. 
An unexpected observance of this test was that the 
dissolved oxygen decreased by only O. l mg/1 during the 
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oxidation period of 5 hours. This is contrary to the 
finding s of a survey of the performance of 31 plants 
practicing iron removal in Illinois {in 4 )  in which the 
oxygen was found frequently depleted during oxidation. 
Also only 0. 14  and 0.27 mg/1 of oxygen are needed for 
the oxidation of 1 mg/1 Fe {II) and Mn {II) respectively 
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in the water ( 11 ) . The explanation of the high dis solved 
oxygen could be the relatively low water temperature 
{8° C )  and the higher saturation levels that are associ­
ated with these lower temperatures. 
Relationship of- Pilot Study to East Plant Operation 
As previously mentioned, these studies were con­
ducted u sing water from well 3 only , and the water quality 
of all three wells supplying the East Plant i s  different. 
The differences can be seen by an examination of Table lSA. 
This table reveals that the overall water quality of well 
3 is below that of the others. Except for alkalinity , the 
concentrations of iron , manganese , hardnes s, total solids, 
sulfate, chloride , sodium , and potassium are higher for 
well 3 than in the water of the two other wells. There­
fore, the conclus ions and recommendations of these studies 
based on well 3 water should be applicable to the water 
of well 1 and 2. 
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costs of Feeding Potassium Permanganate at the East.  Plant 
�he average daily water output from the East Water 
Treabnent Plant in 1977 was 64 9 2  cubic meters {1 . 715 mg) � 
Table 16A. Based on the optimum ru.'1!104 dosage of G. 12 5 
mg/1 and the current price of $1. 15 per pound for this 
chemical , the costs of feeding KMno4 have been summarized 
in Table 1 3. 
Cost of Feeding Potassium Permanganate at 0. 125 
Table 1-3. - mg/1,- Eas-t Water Treatment Plant, Brookings-, SD 
Treated Water Required Chemical Permanganate Costsl 
Present 0. 828 kg/day $2 . 10 per day 
Output (1. 824 lb/day) 32. 35 cents/10 00 m3 
(0. 1225 cents/l 00 0gal 
Plant 1.93 kg/day 
Capacity ( 4. 254  lb/day) 
1Based on price of $1.1 5  per pound for K,.'1n04 and 6 492 
m3/day (1. 715 mgd) . 
In the pilot studies, reagent grade potassium per­
manganate was used along with distilled water. Conse­
quently, an additional two percent KMn04 was included in 
an allowance for the impurity of commercial grade chemi­
cals and losses associated with chemical feeding. 
For feeding the permanganate, a Wallace and Tiernan 
(W & T) permanganate saturater could be used along with a 
W & T A-7 45 metering pump. This up-flow type saturator 
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can handle both powder and crystalline chemicals. Oper­
ation is automatic , requiring only periodic addition of 
�rystalline permanganate. At a 1 rog/1 KMno4 dosage this 
feeder is capable of handling flows up to 39. 42  m3/min. 
(15 mgd) . The structure consists of a 189-liter ( 50-
gallon) plastic tank, associated drain, overflow piping, 
and water inlet connection. The unit occupies a floor 
area of about 0 . 38 m2 {4 sq ft) . The estimated price of 
this unit is approximately $ 4,000.00 (SO) .  
The permanganate solution should be applied to the 
recarbonation basin to provide a 20-minute detention 
time. Because of the rapid oxidation of iron and mangan­
ese by K.Mno4 , some sludge might accumulate on the bottom 
of the basin. This could require more frequent cleaning 
of the basin. 
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SUMMARY A.i.�D CONCLUSIONS 
This study was undertaken , mainly to evaluate the 
effect of potassium permanganate on the removal of iron 
and manganese from a gr9und water . Consequently, it was 
necessary to dete�ine the optimum dosage of the perman­
ganate fed prior to filtration preceded by aeration and 
detention. The study was conducted at the East Water 
Treatment Plant, Brookings, South Dakota. Therefore, the 
performance of the East Plant in terms of iron and man-
_ ganese removal was evaluated. Prior to evaluation of 
feeding permanganate on iron and manganese removal, a 
pilot filter was set up using the same medium and filter 
rate and operated until there was no statistical differ­
ence between its effluent iron and manganese concentra­
tions and those of the East Plant filters. 
The followi�g conclusions were drawn from an exam­
ination of the data collected during these investigations, 
utilizing water from well 3 subj ected to aeration, l ime 
co�gulation and recarbonation. 
1. By feeding permanganate as an oxidizing agent, 
the concentration of iron in the pilot filter 
effluent was reduced by as much as 3. 4 times 
and manganese 8. 6 below those obtained without 
permanganate. 
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2. The optimu..rn permanganate dosage for well 3 
water was found to be 0. 1 2 5  rng/1. The filtered 
water using thi dosage contained an iron con­
centration of 13 times and manganese concentra­
tion of 10 times lower than USPHS Drinking Water 
recommended lim · ts. 
3. At the optimwn permanganate dosage, increasing 
the filtration ate from 4 m/h ( 1. 6  gal/min/sq ft) 
to 5 m/h (2 gal/m " n/sq ft) did not significantly 
affect manganese removal, but resulted in an 8. 9 
percent decrease in iron removal efficiency. 
4. Altho�gh it is generally known that removal of 
iron is easier than that of manganese, iron 
removal in these studies was more sensitive than 
manganese to an unripened filter media and an 
increase in filter rate. 
5. Head loss through the filter occurred primarily 
in the upper 17.S cm ( 7  in) of the filter medium. 
6. Head loss increased curvilinearly with respect to 
time during the first 24 hours of the filtration 
after backwash. 
7. At a given turbidity range of the filter influent , 
and feeding the optimum dosage, when the flow 
rate was raised from 4 (1. 6 gal/min/sq ft) to 
· s m/h (2 gal/min/sq ft) the head loss increased. 
8 .  The f ilter medium (anthracite No. 1)  had to 
be ripened in or er to perfonn an efficient 
removal of iron and manganese similar to those 
of the plant filters. 
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9. The pennanganate feed �ethod of treatment was 
found to be very a ttractive in terms of economy. 
the cost of the treatment was 32.35  cents per 
1 ,000 cubic meters (0.1225 cents per 1,000 
gallons ) ,  based on 1978 prices. 
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SUGGESTIONS AND RECOMMENDATIONS 
During the course of the pilot studies, the possibi­
lity of many other investigations became apparent. What 
follows is a summary of many of these possible studies. 
1 .  In this study it was found that the influent pH 
may have influenced the oxidation efficiency of 
potass ium pennanganate. It is recommended that 
a study be initiated to determine the effect of 
pH on the removal of iron and manganese using 
KMn04. 
2. Chlorine may be applied prior to the permanganate 
to oxidize some of the constituents that would 
otherwise consume the .more costly permanganate . 
It would be quite interesting to evaluate the 
combination of prechlorination and permanganate 
feed to determine the savings that could be 
real.ized. 
3. Only a small portion of the hardness is presently 
bei�g removed in the East Plant. This is j usti­
fied because partial softening reduces iron and 
manganese concentrations below the desired limits , 
and also produces a water of uniform hardness to 
provide a predictable schedule for home softners. 
However, if the raw water hardness is fairly uni­
form, it might be of interest to confine lime 
8 9  
treatment strictly to stabil ity control and rely 
on potassium permanganate for iron and manganese 
removal .  The feasibility of this approach could 
be determined . by pilot studies in which would be 
provide� a detention time about five hours and 
perma�ganate fed prior to f iltration . The cos ts 
of thi s  scheme could then be compared with those 
of lime and alum feeding . 
4 .  The use of manganese greensand topped with an 
anthracite coal f ilter medium coulq also be  
evaluated on  a pilot scale as a means of  iron and 
manganese removal . 
9 0  
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Description of the East Water Treatment Plant 
The Brookings East Water Treatment Plant, which has a 
design capacity of 10 . 5  m3/min . (4  mgd) , obtains its water 
supply from three wells approxL�ately one mile east of the 
plant . �·he aquifer covers approximately S-2 square kilo­
meters (20 sq mi) , and has a drainage area of about 3 37 sq 
km ( 130 sq mi) (51 } . This provides an average annual re­
charge of 3 4 million cubic meters {9 billion gallons). The 
_ geohydraulic characteristics of the wells are presented in 
Table 1 4A. Also, Table 15A presents a fairly complete char­
acterization of the wells and finished waters (9) . 
A flow diagram of the plant is presented in Figure 1 5. 
The water is pumped from the wells through a 50-cm (20-in) 
transmission line. The water enters the aerator through 
two 3 0 -cm ( 12-in) inlet pipes. The aerator is of the in­
duced draft type with capacity of 10. 5  m3/min {2800 gpm) . 
In  addition to aeration, the aerator strips such gasses 
as co2 and H2S from the water. 
Following aeration, the water enters the solid contact 
upflow basin. This unit has a water depth of 5 . 82 m (19 
ft, 1 in) 1 a diameter of 18.0 m (59 ft) and a detention 
time of 1 45 minutes at design flow. Lime for pH adjust­
ment and aluminum sulfate ( alum) , for coagulation, are 
added to the mixing zone of this unit. The floe particles, 
which settle to the bottom of the basin, are removed 
Geohydraulfc Characteristics of Supply Wells ,  
Table 14A. · · East Plant 
Parameter W�ll 1 We])� _2 . We:ll _3 . 
96 
Depth 19. 8m (6 5  ft)  19.8rn (6 5  ft} 1 9. 8m (65 ft) 
D iameter 0.6 0m (24 in) 0.6 0m (24 in) 0.60m (24 in) 
(casing) 
D ischarge 231 m3/h 229.6 m3/h 2 6 6 . 4  m3/h 
(measured {10 1 7  gpm) (1011 _ gpm) (1173 gpm ) 
1-22-78 ) 
Drawdown 5. 4m/24 hrs 3. 92m/5. 5 hrs 3. S Sm/8 . 5 hrs 
( 17 . 7 5 ft} / (12. 92 ft) / ( 11.67  ft) / 
24 hrs. 5 . 5  hrs. 8. 5 hrs. 
Approximate well log:  
Depth 
0 - 0 . 9m {O - 3 ft) 
0 . 9  - 1 5. 2m(3 - 50 ft) 
1 5. 2  - 1 5. 8m(50 - 52 ft) 
15.8  - 19.8m(52 - 6 5  ft) 
Topsoil 
Fine Sand 
Blue C lay 
Gravel and Sand 
1nata in this table obtained from Water Department records, 
City of Brookings, SD. 
automatically. The clarified water is withdrawn from the 
surface of the basin through launder troughs and flows to 
the recarbonation basin. 
The recarbonation basin has a detention time of 20 
minutes at design flow. Since the present demand is 
approximately one third of the design flow (the discharge 
from one well) , the basin has been partitioned to maintain 
1 •  
9 7  
· T-ab-1-e· ·1:SA·. · · Typical. Water Analyses ,  East Plant, i n  mg/11 
Finishea 
Well l Parame-ters Well 2 Well 3 Water 
mg/1 mg/1 �g/1 mg/1 
pH 7. 29 7 . 34 7. 4 7.9 2 
Alkalinity (CaC3} 253. 253.3 2 46. 5 200.0 
Bicarbonate HCo3 308 . 5 30 9 300.5  2 44.0 
(u caco3) 
Total Hardness 408. 0 455. 0 48 7.0 37 2. 7 
Calciu..rn Hardness 96.65 116. 7 1 22.5  90. 1 
(Ca) 
Magnesium Hardness 32. 7 4  43.9 43.95 35. 8 
(Mg ) 
Conductivity 685. 0 867. 0 8 9 0  731. 3 
moh/cm 
Total solids 620. 0 712. 0 7 48 5 48. 0 
Dissolved oxygen o . o  o . o  o . o  11.1 
Iron Fe 2. 7 7  3. 7 2  4.3 0. 07  
Manganese (Mn} 0. 38 0.64 0.68 0. 05 
Chloride (Cl) 4. 7 5  7.6 11. 3 7.17  
Sulfate ( S04 ) ,. 132. 40 2 49. 0 28 3 195. 0 
Nitrate (as N)  Q. lO 0. 1 0. 1 0. 1 
Fluoride (F ) 0. 26 0. 25 0. 25 0. 91  
Sodium (Na) 11.0 18 .8  17. 5 16.2 
Potassium (K) 2 . 4 3 2 . 9 2 3. 05 2. 78 
Chlorine Residual - - - 0.80 
· Measurements 2 3 - 2 3 
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i?igure 15A.  Flow Diagram and Units of the East  Treatment Plant . 
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the 2 0-minute detention time . �·he resultant dimens ions 
9 9  
of the basin are : 6 � 1  m ( 2 0 ft) length , 5 . 2 m { 1 7  f t) 
width , and 2 . 7 m ( 9  ft) water d8pth . The purpose  of this 
unit is to combine CO2 with the dissolved calcium carbonate 
and convert it to bicarbonate form to prevent the build-up 
of carbonate on the grains of the filter medium , and also 
to stabilize the water . 
The recarbonated water flows through a 1 . 2 2 -m ( 4 8 -in)  
pipe to two gravity rapid sand filters , each having two 
cells that can be backwashed separately . The d imens ions 
of each cell are 4 . 27 m by 7 . 92 m ( 14 ft x 26  ft) . The 
filter medium consists 0£ No . 1 anthrafilt (anthrac ite 
coal) with grain sizes ranging from 0 . 6  to 0 . 8  mm .  The 
unifonnity coefficient 0£ the particles is  1 . 7 5 and the 
medium depth is  0 . 6 8 m { 27 in) . The medium is underlain 
by 0 . 4  m ( 1 6  in) of graded supporting gravel . Each cell 
is backwashed at a rate of 0 . 2 6 m3/h/m2 ( 1 2 . 3 6 gal/min/sq 
ft) , usually for about 7 minutes every 4 8  hours . The 
washwater is reclaimed and returned to the upflow basin 
influent . After filtration , the water flows to the 
clearwell . Chlorine gas for disinfection and fluoride for 
prevention of dental caries are added to the clearwe11 . 
Water flows from the top of the aerator through the 
entire plant by gravity . From the clearwell , the water 
must be pumped to an 11 . 35 million liter ( 3  MG ) ground 
storage reservoir by three low-head pumps. Three high­
lift pumps deliver the water from the reservoir to the 
distribution system. 








6. 18 mg/1 
2.25 mg/1 
1. 0 3:t1g/l 
The followi!}-g table presents the East P_lant output 
for the year of 1977 and also the time of study. 
T bl 16A a e 
Time 
. e as an u pu in mq Th E t Pl t O t t . al 
100 
-Received Minimum Day Maximum Day Daily Average 
Jan. 1977 - 0. 297 3. 470 1.715 
Dec. 1977 
( 12 months ) 
Oct . 1977 - 0. 724 2. 241 1. 479 
Mar . 1978 •, 
(6 months) 
The Brookings average daily water demand was 7 49 6  m3/day 
(1. 9 8  rogd)  for 1977 which was treated by both East and 
North plants (9 ) .  
Al?PENDIX II 
Table 17A .  East Plant Performance , with Well  1 by both S tandard and Hach Methods1 
Sample 
Fe++2 Iron Date & pH 
T ime S . M . 3 H . M . 4 
Well 1 6 . 4  3 . 4 8 0  -
After Aeration 6 . 8  . 3 . 3 6 0  -
10 -5-7 7 Filter Effluent 8 . 1 5  o . o  -
4 : 3 0 P . M .  Filter Effluent . 8 . 1 0 o . o  -
(After backwash) j 
Well  1 6 . 6 5 3 . 6 0  3 . 0 5 0  
After Aeration 6 . 7 5  3 . 5 0 2 . 4 0 
1 0-7 -77  Filter Effluent 8 . 0 5 0 . 0 2 6  0 . 015  
4 P . M .  Filter Effluent 8 . 07 0 . 0 2 0  0 . 01 0  
(After backwash) 
Well 1 6 . 7  3 . 2 53 3 . 5 0 
After Aeration 7 . 2 2 . 9 8 0  2 . 4 5 0  
1 0 -21-77  Filter Effluent 8.2 o . o  0 . 012  
5 P . M .  Filter Effluent 8 . 2  o � o  0 . 0 1 2  
(After backwash) 
1Except for pH , all other results expressed in mg/1 
2Ferrous iron 
S . M .  
4 . 4 4 0  
4 . 4 4 0  
0 . 0 6 0  
0 . 0 6 0  
3 . 6 4 0  
3 . 63 0  
0 . 0 4 0  
0 . 14 0  
3 .. 5 6 0  
3 . 2 5 0  
0 . 0 67 
0 . 14 6  
3 and 4 - Standard Methods and Hach Methods , respectively 
5All samples were taken 3 0  minutes after backwash 
H . M .  
3 . 5 0 
3 . 2 6 5 
0 . 01 0  
0 . 01 0  
3 . 4 6 0  
3 .. 2 4 0 
0 . 03 4  
0 . 2 0  
3 . 6 0 
3 . 4 6 0  
0 . 0 2 7  
0 . 11 
--
Manganese 
S . M .  H . M .  
0 . 3 0 7  0 . 1 8 0  
0 . 2 8 0  0 . 1 6 8  
0 . 0 53 0 . 0 7 5  
0 . 0 5 3  0 . 0 4 0  
Q ,. 3 0 0 . 7 5 0  
0 .. 3 4 0  0 .. 5 4  
o .. 0 6  0 . 2 5  
0 . 0 2 7 0 . 0 2 3  
0 .. 2 60 0 .. 5 6  
0 .. 2 0  0 . 9 6 
0 . 013 0. 0 5 6  




Table 1 8A .  East · Plant Performance ;  · with · Well · 2 ,  · by both · Standard and Hach Methods1 
Date & Sample pH Fe
++2 Iron 
Time · S . M .· 3  · H .·M . 4 
Well 2 6 . 5  3 . 0 8 -
After Aeration 6 . 7 1.9 6 -
10-3-7 7 Filter Effluent 8 . 2  0 . 03 -
4 P . M .  Filter Effluent 8 . 1 5  0 . 04 -
(After backwash) 5 
Well 2 6 . 6  4 . 5 0 2 . 3 4 
After Aeration 6.8 4 .. 2 4  2 . 2 
10-9-77  Filter Effluent 7 . 7 0 . 0 32 0 . 0 2 
4 P . M .  Filter Effluent - - -
(After backwash) 
Well 2 6.6 4 . 18 6 3 . 5 0 
After Aeration 7 . 1 3 . 8 0  1 . 53 0  
11-2 -77 Filter Effluent 7 . 9  0 . 013  o . o  
3 : 3 0 P . M . Filter Effluent 7 . 9  o . o  o . o  
(After backwash) 
1Except for pH , all other results expressed in mg/1 
2Ferrous iron 
· · s . M .· · 
3 . 67 0  
2 . 9 3 0  
0 . 0 3 0  
0 . 04 5  
5 . 2 1 
4 . 64 
0 . 12 0  -
4 . 3 6  
0 . 0 9 0  
0 . 1 0 
3 and 4 - Standard Methods · and Hach Methods respectively · . . · 
SAll samples were taken 3 0  minutes after backwash 





5 . 02 
5 . 4 4  
0 . 03 -
4. 3 8  
0 . 0 2 7  
0 . 04 0  
Manganese  
· S . M . H . M .  
0 . 3 8 0  -
a . s o -
0 . 0 6 0  -
0 . 0 7 2  -
0 . 3 0 7 1 . 2 0 
0 . 3 0 7  1 . 1 7 
o . o s o  0 . 0 7 - -
0 .. 3 4 0  1 . 1 5  
0 . 3 0 6  
o . o  0 . 0 6 4  




Table 19A East Plant Perf ' th Well  3 ,  bv both 1ard and h h 
Fe++ 2 Iron .Manganese  
Date & Sample pH 
S .. M .  3 H . M . 4 Time 
Well 3 6 . 7  4 . 8 2 0  -
After Aeration 6 . 9  4 . 6 4 0  -
10-12-77  Filler Effluent 7 . 6  0 . 0 0 8  -
4 P . M .  Filler E ffluent 7 . 6  o . o  -
(After backwash) 5 
Well 3 6 . 7 4 . 5 0 4 . 0  
After Aeration 7 . 0  4 . 1 6 0  2 . 5 8 0  
10.-14-77  Filler Effluent 8 . 1  o . o  o . o  
4 P . M .  Filler Effluent - - -
(After backwash) 
Well 3 6 . 8  3 . 9 7 4 . 0  
After Aeration 7 . 2 3 . 7 5  2 . 5 6 0  
10-15-77  Filler Effluent 7 . 8  o . o  0 . 0 0 7  
3 : 3 0 P . M .  Filler Effluent - - -
(After backwash) 
Well 3 7 . 0  4 . 7 6 0  4 . 0 8 0  
After Aeration 7 . 3  4 . 6 8 0  4 . 0 0  
10-17-7 7 Filler Effluent 8 . 0  0 . 0 0 6  o . o  
4 P . M .  Filler Effluent 8 . 2  o . o  0 . 0 0 5  
(After backwash ) 
1Except for pH , all other results expressed in mg/1 . 
2Ferrous iron 
S . M .  
4 . 9 0 
4 . 6 6 0  
0 . 0 9 3  
0 . 0 9 0  
4 . 8 8 0  
4 .. 6 9 0  
0 . 0 6 7  -
4 . 2 6 0  
4 . 1 0 
0 . 01 6  -
5 . 5 2 0  
5 . 3 0 7  
0 . 10 6  
0 . 17 4  
3 and 4 - Standard Methods and Hach Methods respectively 
5All samples were taken 3 0  minutes  after backwash 
H . M .  
5 . 6 0 
5 . 4 0 
0 . 0 2 7  
0 . 01 0  
2 . 4 2 ' 
2 � 2 6 
0 . 0 6 0  
.... 
4 . 6 4 0  
4 . 14 0  
0 . 0 4 7  
-
5 . 1 6 0  
5 . 10 
0 . 0 4 5  
0 . 0 7 0  
S .. M .  
0 . 3 8 0  
0 . 3 4 0  
0 . 0 2 0  
0 . 0 2 7  
0 . 3 6 0  
0 . 4 0  
0 . 0 7 0  . -
0 . 3 5 0  
0 . 2 0 2  
0 .. 0 3 6  
-
0 . 3 5 0  
0 .. 2 8 0  
0 . 0 1 
0 . 0 0 6  
H . M .  
1 . 6 2 
1 . 3 0 
0 . 0 5 3  
0 . 0 6  
1 . 6 2 0  
1 . 1 4 0  
0 . 0 5 0  
.... 
1 . 2 9 
l . 1 0 5  
0 . 1 0 5  
-
0 . 8 6 
o . o s 





Table 2 0A • .  Analysis  of Variance , Comparison of S tandard ·and Hach Met.hods.L 
SOURCE D . F .  
MEAN 1 .  
A 2 2 . 
B 3  1 .  
c 4  1 .  
A X  B 2 .  
A X  C 2 .  
B X C 1 . 
AXBXC 2 .  
ERROR 2 0 . 
SOURCE D . F .  
MEAN 1 .  
Al 2 .  
a 2  l .  
c 3 1 .  
A X  B 2 .  
A X  C 2 .  
B X C 1 .  
AXBXC 2 .  
ERROR 2 0 . 
IRON 
SUM OF SQUARES 
0 .. 1 2 6 8 5 6 4 9D-0 0  
0 . )- 8 57 4 8 9 0D-02  
0 . 8 0 0 87 110D-0 2  
0 . 113 7 4 0 3 4D-0l  
0 . 57 8 0 514 8D-02  
0 . 2113 514 8D-0 2 
Q . 11071102D-03  
Q . 3 3 0313 4 1D-02  
0 . 3 9 7 21417D-0l 
.MANGANESE 
SUM OF SQUARES 
0 . 8 31 63 91 9D-0l  
0 . 9 6 4 3 4 9 57D-02  l' 
0 . 2 0 0 71 0 2 2D-02  
0 . 1 9 8 8 13 3 9D-0l 
0 . 17 8 5 9 2 47D-03  
0 . 3 6 3 3 9 9 8 9D-02  
0 . 37 037 6 3 4D-0 4 
0 . 1 4 8 1 9 2 47D-03  
0 . 5 5 0 37 8 3 3D-01 
MEAN SQUARE 
0 . 1 2 6 8 5 6 4 9D - 0 0  
0 . 9 2 8 7 4 4 4 9D-03  
0 . 8 0 0 8 7 1 1 0D-02  
0 . 113 7 4 0 3 4D-0l  
0 . 2 8 9 0 2 5 7 4D -02  
0 . 1 0 5 6 7 5 7 4D-02  
0 . 11 0 71102D - 03 
0 . 1 6 51 5 671D-02  
0 . 1 9 8 6 0 7 0 8D- 02 
MEAN SQUARE 
0 . 8 3 1 63 91 9D-0l 
0 . 4 8 217 4 7 8D-02  
0 . 2 0 0 7 1 0 2 2D-02  
0 . 1 9 8 81 3 3 9D-0l  
0 . 8 9 2 9 6 2 3 7D-0 4 
0 . 1 8 1 6 9 9 9 5D-02  
0 . 3 7 03 7 6 3 4D-04  
0 . 7 4 0 9 6 2 3 7D-04  
0 . 2 7 51 8 9 17D-02  
F 
0 � 4 67 62 9 0  
4 . 0 3 2 4 3 9 8  
5 . 7 2 6 9 0 2 5* 
1 . 4 5 5 2 6 4 0  
0 . 5 3 2 0 8 4 4  
0 . 6 5 5 7 4 3 7  
0 . 8 31 5 7 51 
F 
1 .. 7 5 215 7 5 
0 . 7 2 9 3 53 6 
7 . 2 2 4 6 0 8 0 *  
0 .. 0 3 2 4 4 9 0  
0 . 6 6 0 2 7 2 9  
0 .. 013 4 5 8 9  
0 . 0 2 6 9 2 5 5  
:Except for Column F ,  tables are exact copies o f  the computer analysis  print-out 
�A represents the effect of wells 
3B represents the effect of filter over the filtration length versus f il ter at 
30 minutes after backwashing 
4c represents the effect of S tandard Method versus Hach M�thod 




T.able 21A . Analysis of Variance ,  Comparison of S tandard and Hach Methods 1 
FERROUS 
SOURCE D . F .  SUM OF SQUARES MEAN SQUARE F 
MEAN l .  0 . 18 7 031 9 6D-02  0 . 1 8 7 03 1 9 6D-02  
A2 2 .  0 . 4 4 2 97 6 7 0D-03  0 . 2 214 8 8 3 5D ..... 03  1 . 7 4 9 5 9 94 
B3 1 .  0 . 614 4 2 9 2 2D-04  0 . 6 1 4 4 2 9 2 2D-0 4  0 . 4 8 5 3 5 5 0  
c 4  1 .  0 . 7 2 4 93151D-04  0 . 7 2 4 9 3 151D-04  0 . 5 7 2 6 4 4 0  
A X  B 2 .  0 . 5 4 317 614D-0 4  0 . 2 7 1 5 8 8 07D-04 0 . 2 1 4 53 51 
A X  C 2 .  0 . 5 52 4 57 01D- 0 3  0 . 2 7 6 2 2 8 5 0D-03  2 . 1 8 2 0 0 7 4  
B X C 1 .  0 . 4 5 6 6 210 0D-0 6  0 . 4 5 6 6 2 1 0 0D- 0 6  0 . 0 03 6 0 6 9 8  
1\XBXC 2 .  0 . 3 4 858523D-0 4  0 . 1 7 429261D-04  0 . 1 3 7 67 8 6 8  
ERROR 1 6 . Q . 2 0 2 5 5 0 0 0D- 0 2  0 . 12 6 593 7 5D-03  
1Except for column F ,  the table is  an  exact copy of  the computer analysis  
print out .  
2A represents the effect o f  wells 
3B represents the effect of filter over the filtration length versus filter 
at 30 minutes after backwashing 




Table 2 2A . Analyses of Well  1 Water1 
Date & Time pH Fe++2 
10-5- 77 , 4 : 3 0 P . M .  6 . 4 0 3 . 4 8 0  
1 0-7-7 7 , 4 P . M .  •'' 6 . 6 5 3 . 6 0 
1 0-21-7 7 ,  5 P . M .  6.7 0  .. 3 . 2 5 3  
11-11-7 7 ,  4 : 3 0 P . M .  6 . 6 0 3 . 4 3 0  
11- 15- 7 7 , 4 P . M .  6 . 7 0 3 . 4 8 0  
11-17-77 , 4 P . M .  6 . 8  3 . 5 2 0 
Mean 6 . 6 4 3 . 4 6 0  
Standard 
Deviation 0 . 1 35  0 . 1 1 6 4  
1Except for pH , other results are expressed in  mg/1 
2Ferrous iron 
Iron 
4 . 4 4 0  
3 . 6 4 0  
3 . 5 6 0  .. 
4 . 0 4 
4 . 1 0 
4 . 01 
-3 . 9 6 5  
0 . 3 2 2 8  
Manganese  
0 . 3 0 7 
o . 3 o 
0 . 2 6 0  
0 . 2 7 5  
0 . 2 8 3  
0 .. 3 0  
0 . 2 8 7 5  
0 . 0 1 8 0  
.... 
0 
Table 2 3A Analyses of Well  2 Waterl 
Date & Time pH Fe
++ 2 
10-3-77 , 4 P . M .  6 . 5 0 3 . 0 8 
10-9-7 7 , 4 P . M .  6 . 6 0 4 . 5 0 
11-2-77 , 3 : 3 0 P . M .  6 . 6 0 4 . 1 8 6  
12- 21-7 7 ,  9 P . M .  7 . 4 3 . 9 0 
1-19-7 8 , 4 P . M .  7 . 0  4 . 01 
1- 21-7 8 , 5 P . M .  6 . 9  3 . 8 7 0  
Mean 6. 8 3  3 . 9 2 4  
Standard 
Deviation 0 . 3 3 8  0 . 4 7 4 0  
1Except for pH , other results are expressed in mg/1 
2Ferrous iron 
I ron 
3 . 6 7 0  
5 . 2 1 
' 4 . 3 6 
3 .  9 4· 
4 . 1 2 
4 . 0 6 
4 . 2 2 7  
0 . 5 3 2 1  
Manganese 
0 . 3 8 0  
0 . 3 0 7 
0 . 3 4 0  
0 . 31 0  
0 . 3 0  
0 .. 3 2 0  
0 . 3 2 6  




Table 2 4A . Analyses of Wel l 3 Waterl 
Date & Time pH Fe++ 2 
10-12-77 , 4 P . M .  6 . 7 0  4 . 8 2 0  
10-14-7 7 , 4 P . M .  6 . 9 0  4 . 6 4 0  
10-15- 7 7 , 3 : 3 0 P . M .  6 . 8 0 3 . 9 7 0  
10-17- 7 7 , 4 P . M .. 7 . 0  4 . 7 6 0  
1-23-7 8 ,  9 P . M .  7 . 2 0 
"' 4 . 8 4 0 
1- 3 0-7 8 ,  9 P . M .  7 . 1 0 4 . 7 6 0  
2-9-7 8 ,  5 : 3 0 P . M . 7 . 3 0 4 . 4 6 0  
2- 14-7 8 ,  3 P . M .  6 . 8 5 4 . 1 6 0  
2-16- 7 8 , 4 P . M .. 6 . 9 0 4 . 7 2 0  
2-18-7 8 , 10 : 4 5 A . M .  6 . 8 0 4 . 8 3 0  
Mean 6 . 9 5 4 . 6 0 
Standard 
Deviation 0 . 1 9 0 . 3 0 4 7  
lExcept for pH , other results are expressed in mg/1 
2Ferrous iron 
I ron 
4 . 9 0 
4 . 6 6 0  
4 . 2 6 0  
5 . 5 2 
5 . 5 0 
4 . 9 5 0  
4 . 8 0 
4 . 2 6 
5 . 0 8 0  
4 . 8 4 0  
4 . 8 3 0  
0 . 3 7 51 
Manganese 
0 . 3 8 0  
0 . 3 4 0  
0 . 3 5 0  
0 . 3 5 0  
0 . 3 8 2  
0 . 4 2 4  
0 . 3 8 2  
0 . 4 2 0  
0 . 4 0 6  
0 . 3 9 6 
0 . 3 8 3  




Table 2 5A Analyses of Aerator E ffluent, ( in mg/1 , except pH ) 
Date & Time pH Fe
++ Iron 
10-3-77 , 4 P . M .  6 . 7 0 1 . 9 6 0  2 . 9 3 0  
10-5- 7 7 , 4 : 3 0 P . M .  6 . 8 0 3 . 3 6 0  4 . 4 4 0  .-
10-7-7 7 ,  4 P . M .  6 . 7 5 3 . 5 0 3 . 6 3 0  
10-9-7 7 , 4 P . M .  6 . 8 0 4 . 2 4 4 . 6 4 0  
10-12-7 7 ,  4 P . M .  6 . 9 0 4 . 6 4 0  4 . 6 6 0  
10-14-7 7 ,  4 P , M .  7 . 0  4 . 1 6 0  4 . 6 9 0  
10-15- 7 7 , 3 : 3 0 P . M .  7 . 2 0  3 . 7 5 0  4 . 10 
10-17-77 , 4 P . M .  7 . 3 0  4 . 6 8 0  5 . 3 0 7  
10-21- 7 7 , 5 P . M .  7 . 2 0 2 . 9 8 0  3 . 2 5 0  
11-2- 7 7 , 3 : 3 0 P . M .  7 .. 1 3 . 8 0  s . o  
11-5-7 7 ,  4 : 3 0 P . M .  7 . 2  3 . 5 6 0  4 . 5 6 0  
11-11-77 , 4 : 3 0 P . M .  6 . 9 3 . 1 0  3 . 9 2 0  
2-18-7 8 ,  10 : 4 5 A . M .  7 . 2  4 . 6 5 0  4 . 8 3 0  
Mean 7 . 0 0 3 . 7 2 1  4 . 3 0 4  
Standard 
Deviation 0 . 2 0 6  0 . 7 8 19 0 . 7 0 01 
Manganese  
0 . 5 0 
0 . 2 8 0  
0 . 3 4 0  
0 . 3 0 7  
0 . 3 4 0  
.: 0 .  4 0  
0 . 2 0 2 
0 . 2 8 0  
0 . 2 0 
0 . 3 0 6  
0 . 3 0 
0 � 2 5 3 
0 . 3 8 4  
0 . 3 1 5  





Table 26A. Analyses of Contact Basin Effluent 
Date & Time pH Fe++ I ron Manganese 
1 1-11- 7 7 ,  4 : 3 0 P . M. 8 . ,- 0 . 0 2 5  0 . 1 7 6  0 . 08 0  
11-18 -7 7 , 9 P. M.  8 . 4 0 . 0 2 7  1 . 2 5 3  0 . 0 59 
11-19 - 7 7 , 9 A. M. 8 . 5 0 . 0 2 7  0 . 58 0  0 . 0 6 2  
11-19- 7 7 , 9 P. M. 8 . 3  0 . 0 2 7  0 . 9 28 0 . 0 5 6  
11-2 0-7 7 ,  9 A. M .  8 . 3 0 . 0 2 7  0 . 8 7 2  0 . 0 6 2  
11- 2 0 - 7 7 ,  9 P . M .  8 . 4  0 . 0 3 0  0 . 8 2 0  0 . 0 6 2  
1 2 - 2 0 - 7 7 ,  9 P. M.  8 . 6  0 . 0 2 7  0 . 78 7  0 . 0 6 2  
12- 21- 7 7 , 9 A . M .  8 . 5 0 . 0 2 0  0 . 74 0  0 . 0 6 2  
12 - 2 1-7 7 ,  9 P . M .  8 . 55 0 . 0 4 0  0 . 6 7 0  0 . 0 5 6  
12-2 2- 7 7 ,  9 A. M. 8 . 5 0 0 . 0 4 0  0 . 9 2 0  0 . 0 7 3  
1 2 - 2 2- 7 7 , 9 P. M .  8 . 5 0  0 . 02 4  0 . 6 4 0  0 . 0 69 
1-2 2-78 , 9 P . M .  8 . 6 5 0 . 0 2 7  1 . 2 5 0  0 . 0 6 2  
1- 2 3-78 , 9 A. M. 8 . 5 5 0 . 0 3 0  0 . 8 0  0 . 0 5 6  
1- 2 3-78 , 9 p • .M .  a . s o 0 . 04 0  0 . 880  0 . 0 5 6  
1- 2 4 - 78 , 9 A . M .  - 0 . 0 2 6  0 . 8 2 7  0 . 0 6 2  
1- 2 4 - 78 ,  9 P . M .  - 0 . 0 3 0 . 8 01 0 . 088 
1-29- 78 , 9 P . M .  8 . 5 5 0 . 0 2 5  0 . 4 6 5  0 . 0 6 2  
1-3 0-78 , 9 A. M. 8 . 6 0 0 . 0 3 5  0 . 8 2 5  0 . 0 69 
1-3 0- 78 ,  9 A . M .  8 . 6 0 0 . 0 3 5  0 . 8 2 5  0 . 0 69 
1-3 0- 78 , 9 P . M .  8 . 6 0 0 . 0 3 0  0 . 6 6 0 . 0 6 2  
1- 3 1-78 1 9 A . M .  8 . 6 0 0 . 0 28 0 . 61 0 . 0 77 
l -31- 78 , 9 P . M .  8 . 6 0 0 . 02 7  0 . 8 3 3  0 . 0 6 7  
Mean 8 . 51 0 . 0 29 0 . 7 78 0 . 0 6 5  
Standard 
Deviation 0 . 10 0 . 0 0 5 4  0 . 2 3 3 9  0 . 0 08 5  
Table 2 7A. Analyses of Recarbonation Ba sin Effluent! 
Mean 













8. 3 5  
8 . 26 
8 . 23 
8 . 24 
8. 23 
8. 26 
0 .  4 2  
0. 032 
0. 026 
0 . 026 






0. 8 21 
0.6 5 5  
0. 800 
0 . 6 47 








0. 06 5  
0. 058 
0. 05 2 
0. 05 9 
0. 0053 
1Except for pH, other results are expressed in mg/1 
2Ferrous iron 
1 1 1  













TIME X FI-PI  
REMAINDER 
D . F . 
2 4  




1 2  






1 2  
FE TOT2 
SUM OF SQUARES 
1 . 414 0 57 
1 . 2 64 8 9 9  
0 . 2 7 0 8 0 0  
0 . 0 91 8 8 4  
0 . 2 3 8 5 4 5  
0 . 1 4 9 1 5 8  
.MN3 
SUM OF SQUARES 
0 . 0 2 3 4il 
0 . 019112  
0 . 0 0 2 0 4 4  
0 . 0 0 0 5 3 2  
0 . 0 0 0 3 6 4  
0 . 0 04 2 9 9  
MEAN SQUARES 
0 . 1 0 5 4 0 8  
0 . 0 5 4 1 6 0  
0 . 0 91 8 8 4 
0 . 04 77 0 9  
0 . 012 4 3 0 
MEAN SQUARES 
0 . 0 01 5 9 3  
0 . 0 0 0 4 0 9  
0 . 0 0 0 5 3 2  
0 . 0 0 0 0 7 3  
0 . 0 0 03 5 8  
F 
8 . 4 8 0  
4 . 3 57* 
7 .  3 9 2* 
3 .. 8 3 8  
F 
4 .. 4 4 6  
1 . 1 4 1  
1 . 4 8 5 
0 . 2 03 
1This table is an exact copy of the computer analysi s  print-out ; also , the 
data are from the analysis , 37 days after aging the filter medium 
2 and 3 total iron and total manganese  respectively 




Table 2 9A .  Filter Rate 4 m/h ( 1 . 6  gal/min/sq ft) , 9 ·6 -hr . Test  l?eriodl 
Date & East Plant Filter Effluent P i lot Filter  Effluent 
Time pH Iron Manganese  pH Iron Manganese  
1-22-7 8 ,  9 P . M .. 8 . 4 0 0 . 1 0 1  0 . 0 4 8 . 3  0 . 1 2 0  
1-23-7 8 ,  9 A . M .  8 . 2 5 0 . 0 8 7  0 . 0 2 6  8 . 2 5  0 . 0 93 
1- 23-7 8 ,  9 P . M .  8 . 10  0 . 0 8 7  0 . 0 6 2  8 . 1 0 0 . 0 8 7  
1- 24-7 8 ,  9 A . M .  - 0 . 10 1  0 . 0 4 2  - 0. 0 8 0  
1- 24-7 8 , 9 P . M .  - 0 . 14 0  0 . 0 3 5  - 0 . 0 7 2  
1- 24-7 8 ,  10 : 3 0 P . M . 2 - 0 . 115  0 . 0 5 6  - 0 . 11 5  
1- 2 9- 7 8 , 9 P . M .  8 . 2 0  0 . 0 73  0 . 0 5 6  8 . 15 0 . 1 0 7  
1- 30-7 8 ,  9 A . M .  8 . 2 4 0 . 0 5 3  0 . 0 2 6  8 . 2 0 0 .. 0 6 0  
1- 30-7 8 ,  9 P . M .  8 . 2 0  0 . 0 4 8  0 . 0 3 5  8. 2 0  0 . 0 5 2 ... 
1-31- 7 8 , 9 A . M .  8 . 2 0  0 . 0 4 8  0 . 0 5 2  8 . 2 0 0 . 0 4 4  
1- 31- 7 8 , 9 P . M .  8 . 2 0  0 . 0 6 0  0 . 0 5 0  8 . 2 0 0 . 0 4 0  
1- 31- 7 8 , 10 : 3 0 P . M . 2 8 . 4 0 0 . 0 5 6  0 . 0 5 4  8 . 3 0 0. 0 7 3 
Mean 8 . 2 4 0 . 0 8 0 7 . 0 . 0 4 4 5  8. 2 1  0 . 0 7 8 6  
Standard 
Deviation 0 . 10 0 . 0 2 9 5  0 . 0 1 2 2  0 . 0 6 5  0 . 0 2 6 9  
1Except for pH , other results are expressed in mg/1 ; also , the data are 
from the analysis , 7 3  days after aging the filter medium 
2sarnples were taken 3 0  minutes after backwash 
0 .. 0 2 6  
0 . 0 2 6  
0 . 0 4 5  
C . 0 4 0  
0 .. 0 5 9  
0 . 0 4 5  
0 . 0 6 2  
0 . 0 2 6  
0 . 0 3 5 
0 . 0 5 5  
0 . 0 5 0  
0 .. 0 4 4  
0 . 0 4 3  
0 .. 0 1 2 7 
I-' 
I-' w 
T.able 3 OA .  Least-Squares Analysis of Var1ance ,  P1lot ·and Filter Performance 
TI 2 
SOURCE D .. F .  SUM OF SQUARES MEAN SQUARES F 
TOTAL 2 4  0 . 1 6 9 8 9 2  
TOTAL REDUCTION 12  0 . 1 5 8 533  0 . 0 13 211  13 . 9 5 7  
MU-YM l 0 . 1 5 2 3 23 0 . 1 5 2 3 2 3  1 6 0 . 9 1 8  
TIME 5 0 . 0 0 3 2 97 0 . 0 0 0 65 9  0 . 6 9 7  
FILTRATION 1 0 . 0 0 0 02 8  0 . 0 0 0 0 2 8  0 . 0 3 0  
TIME X FILTRATION 5 o . 0 0 2 a a s  0 . 0 0 0 5 7 7  0 . 61 0  
REMAINDER 12  Q . 0113 5 9  0 . 0 0 0 9 4  
MN
3 
SOURCE D . F .  SUM OF . SQUARES MEAN SQUARES F 
TOTAL 2 4  0 . 0 5 5 6 6 5  
TOTAL REDUCTION 12  0 . 0 5 3 2 4 9  0 . 0 0 4 4 3 7  2 2  .. 0 4 5  
MU-YM 1 0 . 0 51 9 87 0 . 0 51 9 8 7  2 5 8  .. 2 6 7 
TIME 5 0 . 0 0 0 8 6 9  0 . 0 0 01 7 4  0 . 8 6 3 
FILTRATION l 0 . 0 0 0 0 4 0  0 . 0 0 0 04 0 0 . 1 9 9  
TIME X FILTRATION 5 0 . 0 0 0 3 54 0 . 0 0 0 0 71  0 . 3 51 
REMAINDER 12  Q . 0 0 2 4 1 6  0 . 0 0 0 2 01 
1The data are from the analysis , 7 3  days after aging the filter medium 
2 and 3 represent total iron and manganese respectively ; also , this table is  an exact copy of the computer an�lysis print-out 
Table 3 1A .  Least-Squares Analysis  of Variance , · P ilot and Filter Perfo.rmance1 
l?H 
2 
SOURCE D . F .  SUM OF SQUARES MEAN SQUARES F 
TOTAL 1 8  1 21 8 . 4 8 51 0 0  
TOTAL REDUCTION 12  121 8 . 4 4 2 5 5 0  1 01 . 5 3 6 8 7 9  14317  .. 7 7 4  
MU-YM 1 1 0 8 4 . 4 9 4 6 6 9  1 0 8 4 . 4 94 6 6 9  1 5 2 9 2 5 . 21 8  
TIME 5 0 . 0 62 1 8 6 0 . 012 4 3 7  1 . 7 5 4  
FILTRATION 1 0 . 0 0 4 2 2 5  0. 0 0 4 2 2 5  0 . 5 9 6  
TIME X FILTRATION 5 0 . 0 0 6 3 53 0 . 0 01 2 71  0 . 1 7 9  
REMAINDER 6 0 . 04 2 5 5 0  0 . 0 07 0 9 2  
1The data are from the analysis , 7 3  days after aging the filter .medium 








-8 . 0  
-
-11 . s  
-4 . 5  
-6 . 5  
-12 . 0  
-8 . 0  
-8 . 4  
- · • r- - t (.c
0 ) Dat 
Solid i Fil- Fil-
Well Contact ter ter 
Basin · Infl . Effl . 
8 . 2 5  8 . 0 5 8 . 1 0 8 . 2 5 . 
- - - -
8 . 1 5 7 . 9 5 7 . 9 5 s . o  
8 . 2  8 . 0  8 . 0  8 . 0 5 
8 . 2  8 . 0  8 . 0 8 . 0  
8 . 1 5 7 . 9  7 . 9 5 8 . 0  
8 . 1 5  7 . 9 7 . 9 5 8 . 0  
8 . 2  7 . 9 7 7 . 9 9 8 . 0 5 
P ilot Pilot P flot 
Basin Fil t .  Fil t .  
Infl . Infl . Infl . 
8 . 2 5 . .  - 8 .• 5 
- 8 . 7 9 . 0  
8 . 0  8 . o 8 . 3 5 
8 . 0 5 8 . 1 8.6 
8 . 05 8 . 0  8 . 4 
8 . 0 5 8 . 0  8 . 4 
8 .. 0 8 . 0 8 . 2  
. .  
8 . 07 
P ilot 
Filt 
E f fl . 
8 . 9  
9 . 2  
· 8 .  7 
8.9 
8 . 8  
8 . 9  
8 . 5  
Pilot Plant 
Condition . . .  
Flow 4 m/h , 
no KMnO4 
Flow 4 m/h 
l mg/1 KMn04 
Flow 4 m/h 
KMnO4 0 . 5  mg/1 
Flow 4 m/h 
KMno4 0 . 1 2 5  mg/1 
Flow 4 m/h 
KMnO4 0 . 0 5 mg/1 
Flow 4 rn/h 
KMno4 0 . 01 mg/1 
Flow 5 m/h 




Table 3 3A . Filter Rate 4m/h ( l . 6  gal/mfn/sq ft) at l . 0mg/1 KJ .. 1nO4 , · 9 6-hr Test  Period1 
Influent 
pH Fe-r--+-2 I ron Manganese  pH 
f 
8 . 3 0 0 . 0 2 7  1 . 3 3 0  o . o s o  8 . 1 0 
8 . 3 0 0 . 0 2 7  ., 1 . 3 6 0  0 1' 0 5 2  8 . 15 
8 . 2 3 0 . 0 5 0  1 . 7 6 0  0 . 0 8 0  8 . 3 0 
8 . 2 5 0 . 0 3 0  0 . 7 4 0  0 . 0 4 5  8 . 15 
8 . 2 5 0 . 0 2 5  1 . 0 7 0  0 . 0 6 2 8 . 2 5 
8 . 10 0 . 0 3 4  1 . 2 5 0  0 . 0 7 3  8 . 2 0 
Mean 8 . 2 4 0 . 0 3 2  1 . 2 5 2  0 . 0 6 0  8 . 19 
Standard 0 . 0 7 3  0 . 0 0 9  0 . 3 3 8  0 � 013 8 0 .. 0 7 3 
Deviation 




0 . 0 3 6  0 . 0 3 0  
0 . 0 3 1  0 . 0 4 5  
0 . 0 4 0  .. 0 . 0 6 2  
0 . 0 4 0  0 . 0 4 5  
0 . 0 3 0  0 . 0 4 9  
, ,  
0 . 0 3 0  0 . 0 5 3  
0 . 0 3 4  0 . 0 4 7  




Table 3 4A . Filter Rate 4m/h ( l . 6  gal/min/sq ft) at 0 . 5mg/l· _KMnO4 , 9 6 -hr Test  Per iodl 
Influent 
pH Fe++ 2 Iron Manganese pH 
8 . 2 0 0 . 0 2 7  0 . 7 4 0  0 . 0 5 2  8 . 1 5 
8 . 3 2 0 . 0 3 6  0 . 7 5 3  0 . 0 4 5  8 . 2 5 
8 . 4 5 0 . 0 2 3  0 . 5 9 0  0 . 0 4 9  8 . 3 5 
8 . 0 5 0 . 0 2 7  1 . 6 3 0 . 0 8 0  8 " 2 0 
8 . 3 5 0 . 0 2 2  0 . 57 6  0 . 0 4 5  8 . 2 5 
8 . 2 0 0 . 0 2 3  0 . 6 4 0  0 . 0 6 2  8 . 2 0 
Mean 8 . 2 6 0 . 0 2 6  0 . 8 2 1 0 . 0 5 6  8 . 2 3 
S tandard 0 . 14 0 . 0 0 5 2  0 . 4 0 3  0 ;· 0 13 5 0 . 0 7 
Deviation 




0 . 0 3 2  0 . 0 2 6  
0 . 0 2 4  0 . 0 2 6  
0 . 01 8  0 . 0 2 6  
0 . 0 2 3  0 . 0 2 6  
0 .. 0 2 4  0 . 0 1 3  
0 . 0 2 1  0 11 0 1 0  
0 . 0 2 4  0 . 0 2 1  
0 . 0 0 4 7 0 . 0 0 7 5  
I-' ..... 
00 
Table 3 5A . Filter Rate 4m/h ( l . 6  gal/min/sq ft ) at  0 . 2 5 ·mg/1 KMnO� , 9 6 -hr Test Periodl 
Influent 
pH Fe++2 I ron Manganese  pH 
8 . 1 5 0 . 0 3 0  0 . 8 5 0  0 . 0 8 0  8 . 1 0 
8 . 4 0 0 . 0 2 2 . 0 . 4 5 0  0 . 0 5 2  8 . 3 5  
8 . 4 5 0 . 0 2 2  0 . 4 1 0  0 . 0 4 0  8 . 4 0  
8 . 4 0 0 . 0 2 2  0 . 4 7 0  0 . 0 5 6  8 . 3 5  
8 . 5 0 0 . 0 2 7  0 . 7 8 0  0 . 0 4 5  8 . 3 3 
8 . 5 5 0 . 0 31  0 . 9 6 0 . 0 6 2  8 . 4 5 
Mean 8 . 4 0 0 . 0 2 6  0 . 6 5 5  0 . 0 5 6  8 . 3 3 
Standard 0 . 14 0 . 0 0 4 2  0 . 2 3 6  0 . 01 4 2  0 . 12 
Deviation 
1Except for pH , other results are expres sed in mg/1 
2Ferrous iron 
Effluent 
I ron Manganes e  
.  
0 . 0 3 1  0 . 0 1 0  
0 . 0 2 2  0 . 01 3  
0 . 02 0  0 . 0 1 8  
0 . 01 9  0 . 0 1 3  
0 . 0 2 7  0 . 0 21 
0 . 0 2 4  0 . 0 1 5  
0 . 0 2 4 0 . 0 1 5  




Table 3 6A . Filter Rate 4m/h ( l , 6  gal/min/sq ft) at 0 . 12 5mg/l KMno4 , 1 2 0 -hr Test  Period
1 
Influent 
pH Fe"t'-r2 I ron Manganese  pH 
8 . 3 0 0 . 0 2 2  0 . 5 8 0  0 . 0 6 2  8 . 3 0 
8 . 3 0 0 .  0 2 9  0 . 9 2 0  0. 062  s· . 3 0  
8 . 3 5 0 . 0 3 6  1 . 2 9 0  0 . 0 7 3  8 . 2 5 
8 . 2 0 0 . 0 3 3  0 . 7 6 0  0 . 0 7 3  8 . 2 0 
8 . 10 0 . 0 3 1  1 . 0 4 0  0 . 0 9 5  8 . 12 
8 . 17 0 . 0 2 7  0 . 5 0 0  0 . 0 6 9  8 . 2 0 
8 . 2 5 0 . 0 2 4  0 . 6 1 0  0 . 0 5 6  8 . 2 0 
8 . 4 0 0 . 0 2 7  0 . 7 0 0  0 . 0 4 5  8 4 4 0 
Mean 8 . 2 6 0 . 0 2 9  0 . 8 0 0 0 . 0 6 7  8 . 2 5 
Standard 0 . 10 0 . 0 0 4 6  0 . 2 6 7  0 . 0 1 4 7  0 . 0 9 
Deviation 
1Except for pH , other results are expressed in mg/1 
2Ferrous iron 
Effluent 
I ron Manganese 
0 . 02 5  o . o  
0 4 0 1 7  0 . 0 0 7 
0 . 0 2 5  0 . 0 0 5  
0 . 0 2 4  o . o  
0 . 0 2 8  0 . 01 0  
•' 
0 . 0 2 1  o . o  
0 . 02 4  0 . 010 
0 . 0 2 0  0 . 0 0 5  
0 . 02 3  0 . 0 0 5  




Table 3 7A . Filter Rate 4m/h ( l . 6  gal/min/sq . f t) at  0 . 0 5 mg/l · KMnO4 , 9 6-hr · Tes t  Periodl 
Influent 
pH Fe ;-1�2 I ron Manganese  pH 
8 . 2 0 0 . 0 2 7  0 . 4 9 0  0 . 0 6 6  8 . 2 5 
8 . 2 5 0 .  0 2 7  0 . 8 3 0  0 . 0 8 0  8 . 2 0 
8 0 15 0 . 0 2 7  0 . 5 5 0  0 . 0 6 6  8 . 1 5 
8 . 3 5 0 . 0 2 9  0 . 7 2 0  0 . 0 6 3 8 . 2 5 
8 . 2 4 0 . 0 2 2  0 . 6 1 0  0 . 0 5 2  8 . 3 0 
8 . 2 0 0 . 0 22  0 . 6 8 0  0 . 0 6 2  8 . 3 0  
Mean 8 . 2 3 0 . 0 2 6  0 . 6 4 7  0 . 0 6 5  8. 24 
Standard 0 . 0 7 0 . 0 0 2 9  0 . 12 2 7  0 . 0 0 9  0 . 0 6 
Deviation 
1Except for pH , other results are expressed in mg/1 
2Ferrous iron 
Effluent 
Iron Manganes e  
0 . 0 4 2  0 . 0 1 0  
0 . 0 3 1  0 . 0 1 3  
0 . 0 3 0  0 . 01 3  
0 . 0 3 2  0 . 0 1 3  
0 . 0 4 1  0 . 0 1 0  
0 <1 0 3 2  0 . 0 1 5  
0. 035 0 .  0 1 2  
0. 00 53 0 . 0 0 2  
� 
f',,) 
Table 3 8A .. Filter Rate 4m/h ( l . 6  gal/min/sq ft)  at 0 .. 01  mg/1 KMn04 , 9 ·6 -hr Te st  Periodl 
Influent 
pH Fe''l Iron Manganese  pH 
8. 12 0 . 0 3 4  1 . 2 7 0  0.0 6 9  8 . 2 0 
8. 2 5  0. 0 2 7' 0. 7 4 0 0. 0 4 9  8 .. 2 0  
8 . 3 5 0 . 0 2 7 0. 6 6 0  0 . 0 5 2  8 . 2 5 
8. 3 0  0. 0 2 7  0 . 7 3 0  0. 0 5 6  8 . 3 0 
8. 2 5  0 . 0 31 1. 0 0  0 , 0 5 9  8 . 2 5  
8 . 2 0 0 . 0 3 1  0 . 8 9 0  0. 0 6 2  8 . 2 0  
Mean 8. 24  0 . 0 2 9  0 . 8 8 2  0.0 5 8  8. 2 3  
Standard 0. 0 8  0. 0 0 2 9  0. 2 2 6 7  0 � 0 0 7 2  0 . 0 4 
Deviation 
1Except for pH, other results are expressed in rng/1 
2Ferrous iron 
Effluent 
I ron Mangane se 
0 . 0 6 4 0. 0 2 3  
0.0 4 3  0 . 0 2 3  
0.0 3 8  0 . 0 2 6  
0. 0 4 0  0 . 0 2 3  
0 . 0 3 9  0 . 0 2 3  
,• 
0.0 4 4  0 . 0 2 6  
0 .. 0 4 5  0. 0 2 4  




Analysis of Pilot Performance ,  Feeqing Different Permanganate Dosage  
Table 3 9A .  at Filter Rate 4 m/h ( l . 6  gal/min/sq ft ) 1 

















.D . F .  




4 3  
D . F .  




4 3  
D . F .,  




REMAINDER 4 0 
SUM OF SQUARES 
0 . 12 03 9 9  
0 . 111 4 2 8  
0 . 0 6 63 6 0 
0 . 0 2 3 6 4 7  
0 . 0 0 8 9 7 1  
MANGANESE 
SUM OF SQUARES 
0 . 0 4 6 9 0 4  
0 . 0 4 4 0 3 7  
0 . 0 2 6 8 67 
Q . 0117 7 9  
0 . 0 0 2 8 67 
PH 
SUM OF SQUARES 
31 8 4 . 6 8 6 9 0 0  
3 1 8 4 . 4 57 0 57 
31 0 4 . 9 0 9 8 3 9  
0 . 0 23 0 8 0  
0 . 2 2 9 8 4 3  
* s ignif icant at 9 9  percent level 1This table is an exact copy of the computer 
MEAN SQUARES 
0 . 0 1 5 9 1 8 
0 . 0 6 6 3 6 0  
0 . 0 0 3 9 41 
0 . 0 0 0 2 0 9  
MEAN SQUARES 
0 . 0 0 6 2 91 
0 . 0 2 6 8 6 7 
0 . 0 01 9 6 3  
0 . 0 0 0 0 67 
MEAN SQUARES 
4 54 . 9 2 2 4 3 7  
3 1 0 4 . 9 0 9 8 3 9  
0 . 0 0 3 8 4 7  
0 . 0 0 57 4 6  
analysis  
F 
7 6 . 2 9 8  
3 1 8 . 0 7 0  
1 8  .. 8 91* 
F 
9 4 . 3 5 3  
4 0 2 . 9 53 
2 9 . 4 4 4* 
F 
7 9 17 0 . 9 6 9  
5 4 0 3 53 . 0 3 9  




Table 4 0A . Filter Rate Sm/h ( 2 gal/min/sq ft) at  0 . 12 5mg/l I<MnO4 , 12 0 -hr Test Per iod1 
Influent 
pH Fe++.l Iron Manganese  pH 
8 . 4 5 o . o s 1 . 6 6 0  0 . 0 4 5  8 . 4 0 
8 . 15 0 .  0 2 7  ,· 0 . 6 4 0  0 . 0 4 5  8 . 17 
8 . 2 4 0 . 0 2 2  0 . 6 4 0  0 . 0 5 2  8 . 3 0  
8 . 2 7 0 . 0 2 7  0 . 8 2 0  0 . 0 4 2  8 . 4 3  
8 . 30  0 . 0 3 3  0 . 8 6 0  0 . 0 6 2  8 . 25 
8 . 0 6 0 . 027 0 . 64 0  0 . 0 6 2 8.12 
8 . 2 2 0 . 0 3 0  0 . 8 0 0  0 . 0 5 6  8. 20 
8 . 12 0 . 0 31  0 . 4 1 3  0 . 0 52 8.3 0  
Mean 8 . 23 0 . 0 3 1  0 . 8 0 9  0 . 0 5 2  8 . 2 7 
Standard 0 . 12 0 . 0 0 8 4 0 . 3 7 2 1  0 . 0 0 7 7  0 . 11 
Deviation 
1Except for pH , other results are expressed in mg/1 
2Ferrous iron 
Effluent 
Iron Manganese  
0 . 0 3 8  o . o  
0 . 0 2 6  o . o o s  
0 . 0 2 4  0 . 0 0 5  
0 . 0 2 8  0 . 0 0 5  
0 . 0 3 4  0 . 0 0 5  
0 . 0 3 4  0 . 0 0 5  
0 . 0 2 7  0 .. 0 1 0  
0 . 0 2 8  0 � 0 0 5  
0 . 0 3 0  0 . 0 0 5  




Analysis  of Pilot Perfonnance in _Fi1t·er -' - Rates of . .  4 and ' 5 m/h ( 1  .. 6 and 2 
Table 41A . gal/min/sq f t) F eeding O . 1 2 5  KMn04 
LEAST-SQUARES ANALYSIS  OF VARIANCE� 
IRON 
SOURCE D . F .  SUM OF SQUARES MEAN SQUARES 
TOTAL 1 6  0 . 0 11 6 21 
TOTAL REDUCTION 2 0 . 0113 7 2  0 . 0 0 5 6 8 6 
MU-YM 1 0 •. 0111 8 3  0 . 0111 8 3  
FILTER RATE 1 0 . 0 0 01 8 9  0 . 0 0 01 8 9 
REMAINDER 14 0 . 0 0 0 2 4 9 0 . 0 0 0 01 8  
MANGANESE 
SOURCE D . F .  SUM OF SQUARES MEAN SQUARES 
TOTAL 16  0 . 0 0 0 5 4 9  
TOTAL REDUCTION 2 Q . 0 0 03 7 1  0 . 0 0 018 6 
MU-YM 1 Q . 0 0 03 7 1  0 . 0 0 03 7 1  
FILTER RATE l 0 . 0 0 0 0 01 0 . 0 0 0 0 01  
REMAINDER 14  0 . 0 0 017 8 0 . 0 0 0 013  
PH 
SOURCE D . F .  SUM OF SQUARES MEAN SQUARES 
TOTAL 1 6  1 0 91 . 4 4 7 6 0 0  
TOTAL REDUCTION 2 10 91 . 3 13 7 2 5  5 4 5 . 6 5 6 8 6 2 
MU-YM 1 1 0 91 . 3112 2 5  1 0 91 . 3 11 2 2 5  
FILTER RATE 1 0 . 0 0 2 5 0 0  0 . 0 0 2 5 0 0  
REMAINDER 14 0 . 13 3 87 5 0 . 0 0 9 5 62 
* S ignificant at 9 9  percent level 1This table is an exact copy of the computer analysis 
F 
3 1 9 . 8 5 9  
6 2 9 . 0 8 2  
1 0 . 6 3 5* 
F 
1 4 . 6 0 5  
2 9 . 1 6 6  
0 . 0 4 4  
F 
57 0 6 2 . 1 5 6  
11 4 1 2 4 . 0 5 0  
0 . 2 6 1 
..... 
... �._, ... ,.... .. .... .. . �·�-- ---- - - -- -;; -- --- - - - ---, -- ' -
Medium Thickness  
Date 
17 . 5  cm 3 2 . 5  . cm 4 7 . 5  cm 6 2 . 5  cm 
Time ( 7 " )  ( 13 " )  ( 1 9 " )  ( 2 5" ) 
1-22-7 8  9 PM 2 . 1 , 2 .. s 2 . 9  3 . 2  
1- 2 3-7 8 9 AM 1 2 . 6  1 3 . 3  13 . 7  14 . 5  
1-23 -7 8 9 PM 1 5 . 9 17 . 1  17 . 8  1 8 . 3  
1-24 -7 8 9 AM 2 0 . 3  21 . 5  2 2 . 2  2 2 . S  
1-24-7 8 9 PM 2 5 . 4  2 6 . 7  2 7 . 4  2 7 . 9  
1-2 9 -7 8 9 PM 2 . 2  2 . 6  3 . 0  3 . 3  
1-3 0 -7 8 9 AM 13 . 4  14 . 0  14 . 6  1 4 . 9  
1-3 0-7 8 9 PM 18 . l  18  .. 8 1 9  .. 3 1 9 . 7  
1-31-7 8 9 AM 21 . 9  2 2 . 8  23 . 7  2 4 . 0  
1-31-7 8 9 PM 2 6 . 9  2 8 . 4  2 9 . 0  2 9 . 5  
- I - - �, 
I 
7 7 . 5  cm 
( 3 1 " )  
3 . 6  
1 5 . 3  
1 8 . 7 
23 . 1  
2 8 . 3  
3 . 6  
1 5 . 3  
2 0 . 2  
2 4 . 3  
3 0 . 0  
. . 
· Grave·l 
1 0 7 . 5  cm 
9 2 . 5  cm ( 4 3 " )  
( 3 7 " ) Total H . L .2 
3 . 9 7 . 2  
15 .. 7 2 0 . 0  
1 9 . 0  2 1 . 9 
2 3  .. 4 2 6 . 4  
2 8  .. 6 •' 3 1 . 7  
3 . 8  6 . 9  
1 5 . 6  1 9 . 0  
2 0 . 5 2 3 . 7  
2 4  .. 6 2 7  .. 8 
3 0 . 3  . 3 3  0 5 
1All of the head losses were recorded in inches 1 in . = 2 . 54 cm . 
2This is  the total head loss  through medium , gravel layers , valve , meter 
and effluent pipeline . 
..... 
� 
- - - - - - -- - -- � - -- - -- - -
- -. -� - -· - - -- - - - - - -
Medium Thickness  
-, - - . 
Date & Time 1 7 . 5 cm 3 2 . 5  cm 4 7 .  5 cm 6 2 . 5  cm 
( 7 If ) ( 13 " )  ( 1 9 " )  ( 2 5 " ) 
11-18-7 7 ,  9 P . M .  2 . 2  2 . 8  3 . 2  3 . 6  
11-19- 7 7 , 9 A . M . 1 0 . 3  . 1 1 . 3  1 1 . 7 1 2 . 2  
11-1 9- 7 7 , 9 P . M .  17 . 4  1 8 . 7  1 9 . l  1 9  .. 6 
11- 20- 7 7 , 9 A . M . 2 4 . 5  2 6 . 6  2 7 . 4  2 7 . 9  
11- 2 0- 7 7 , 9 P . M .  4 1 . 6  4 3 . 8  4 4  .. 7 4 5 . 4  
12- 2 0- 7 7 , 9 P . M . 2 . 1  2 . 5  3 . 1 3 . 6  
12- 21-7 7 ,  9 A . M .  11 . 1  1 2 . 4  1 3 . 0  1 3 . 5  
12-21-7 7 ,  9 P . M .  12 . 9  14 . 4  1 5 . 2  1 5 . 9  
12-22- 7 7 , 9 A . M . 13 . l  1 5 . 8  1 6 . 6  1 7 . 2  
12-22- 7 7 , 9 P . M .  2 2 . 7  2 4 . 3  2 5 . 3  2 6 . 2  
l 
d d ' ' All Head Loss  Recor e in Inches , 1 in . • =  2 . 5 4 cm . 
� , 
l 
7 7 . 5  cm 
( 3 1 " ) 
4 . 0 
1 2 . 7  
2 0 . 0  
2 8 . 3  
4 6 . 0  
3 . 9  
1 3 . 9  
1 6 . 4  
1 7 . 6  
2 6 . 7  
, -
l � -, 
Gravel 
9 2 . 5  cm .1 0 7 . 5 cm ( 4 3 " ) 
( 3 7 " ) Total I-I . L . 2 
4 . 1  1 0  .. 8 
1 2 . 8  1 7 . 7  
2 0 . 2  2 4 . 0  
2 8 . 5  3 2 . 9  
4 6 . 2  5 1 .  7 
4 . 2 8 . 5 
1 4 . 2  1 8 . 1  
1 6 . 7 2 1 . 2 
17 . 8  2 3 . 6  
2 7 . 0  3 2 ., 7 




Table 4 4A .  Head Loss  Through. Filter. at . 0 .. 1 2 5 - mg/i KMnO4 · Feeding1 
:J Medium Thicknes s  I Gravel 
0 Date & Time 17 . 5  cm 3 2 . 5  cm 4 7 . 5  cm 6 2 . 5  cm 77 . 7  cm 9 2 . 5  cm 10 7 . 5  cm r-1 
( 7 " ) ( 1 3 " ) ( 1 9 " ) { 2 5 " ) ( 3 1 " )  ( 3 7 1 1 ) ( 4 3 " ) H. L f  � 
,....,, 2-2 1-7 8 ,  2 P . M .  2 . 1 2 . 7  3 . 0  3 . 5  4 . 0  4 . 2 7 . 4  .µ 
44 
0'4 2-21-7 8 ,  11  P . M .  13 . 1  13 . 5  13 . 9  1 4 . 3  1 4 . 7  1 5 . 0  1 8 . 3  (I) ........ 
f::l 
•r-1 2-22-7 8 , 2 : 3 0 P . M .  2 0 . 4  21 . 0  2 1 . 4  21 . 7  2 2 . l  2 2  .. 4 2 5 . 5  
2-2 2-7 8 ,  4 : 3 0 P . M .  21 . 3  2 1 . 9 2 2 . 3  2 2 . 7  2 3 . l  2 3 . 4  2 6 . 5  ,d oO 
a ""  . 2-23-7 8 , 2 P . M .  27 . 9  2 8 . 8  2 9 . 3  2 9 . 7  3 0 . 1  3 0 . 4  3 3 . 4  """ o  
r-. 3-1-7 8 , 3 : 4 5 P .M .  2 . 7  3 . 2  3 . 7  4 . 1 4 . 6  s . o  1 0 . 2  
44 
er 3-1-78 , 7 : 4 5 P . M .  
r/.l 




,d r-1 ........ cu 
S bO 
L/"'\ N  """ 
3-2-7 8 , 4 : 4 5 P . M .  2 0 . 3  2 1 . 0  2 1 . 6  2 2 . 0  2 2 . 5  2 2 . 9  2 8  ., l  
3 -3-7 8 9 : 1 5 A .M .  2 5 . 5  2 6 . 7  2 7 . 3  2 7 . 8  2 8 . 3 2 8  .. 7 3 3 . 9  
3 -3-7 8 3 : 4 5 P . M .  2 7 . 7  2 8 . 9  2 9 . 6  3 0 .. 1 3 0 . 6  3 1 . 0  3 6 . 2  
1All head loss recorded in inches , 1 in = 2 . 54 cm 
2This column is · the total head loss  in medium , gravel , valve , meter and 




-- - - .., rouq bl  d 1 fi l h 
S ample Iron1 
& Removal Removal 
Location E ffluent mg/1 % of Total 
0 - 17 . 5  cm 0 . 5 5 7  0 . 10 3  1 6 . 6 3 
( 0  - 7 " ) . 
17 . 5  - 3 2 . 5  cm 0 . 4 6 4  7 4 . 8  ·ri 0 . 0 9 3  
4-4 ( 7  - 1 3 " ) 
p.. 3 2 . 5  - 4 7 . 5  cm 0 . 0 5 0 . 0 4 3  7 . 0  
s ( 1 3 - 1 9 " )  
"M 
0 . 0 4 6  0 . 0 0 4  0 . 6 4 (l) 4 7 . 5  - 6 2 . 5  cm 
� ( 1 9 - 2 5 " ) 
- 6 2 . 5  - 7 7 . 5  cm 0 . 0 4 0  0 . 0 0 6  0 . 9 6 
( 2 5  - 3 1 )  
M 
7 7 . 5  - 9 2 . 5  cm 0 . 0 4 0  o . o  o . o  
rd ( 3 1 - 3 7 " )  
9 2 . 5  - 1 0 7 . 5  cm 0 . 0 4 0  o . o  o . o  
( 3 7 - 4 3 " ) 
1 
Influent Iron = 0 . 6 6 0  mg/1 
� Influent Manganese = 0 . 0 6 2  mg/l  
3 ( 0 . 6 6 0  - 0 . 5 5 7 ) / ( 0 . 6 6 0  - 0 . 0 4 0 )  X 1 0 0  = 16 . 6  
h Fi l d '  -
Manganes e2 
E ffluent Removal 
mg/1 mg/1 
0 . 0 4 5  0 . 0 17 
0 . 0 4 0  0 . 0 0 5  
0 . 0 3 5  0 . 0 0 5  
0 . 0 3 5 o . o 
0 . 0 3 5  o . o  
0 . 0 3 5  o . o  
0 . 0 3 5  o . o  
Removal 
% of  Total 
6 3 . 0  
1 8  .. 5 
1 8 . S  
o . o  
0 .. 0 
o . o 


























0 - 17 . 5  cm 
( 0  - 7 " ) 
17 . 5  - 3 2 . 5  cm 
( 7  - 1 3 " ) 
3 2 . 5  - 4 7 . S  cm 
( 1 3 - 19  II ) 
4 7 . 5  - 62 . 5  cm 
( 1 9  - 2 5 " ) 
6 2 . 5  - 7 7 . 5  cm 
( 2 5  - 3 1 " )  
7 7 . 5  - 9 2 . 5  cm 
( 3 1  - 3 7 " )  
9 2 . 5  - 1 0 7 . 5  cm 
( 3 7  - 4 3 " ) 
E ffluent 
0 . 5 8 0  
. 
0 . 14 7  
0 . 1 2 0  
0 . 1 0 
0 . 0 6 7  
0 . 0 6 7  
0 . 0 6 7  
1 Influent Iron = 0 . 6 7 0  mg/1 
R 
2 Influent Manganese = 0 � 0 6 2  mg/1 
1 Profile Th 
I ron1 
Removal Removal 
mg/1 % o f  Total 
0 . 0 9 0  1 4  .. 9 3 
0 . 4 3 3  7 1 . 8  
0 . 0 2 7  4 . 5  
0 . 0 2 0  3 . 3  
0 . 0 3 3  5 . 5  
0 . 0  o . o  
o . o  o . o  
3 ( 0 . 6 7 0  - 0 . 5 8 0 ) / ( 0 . 6 7 0  - 0 . 0 6 7 )  X 1 0 0  = 14 . 9  
h Filter M1� �  • -
Manganese 2 
E ffluent Removal 
mg/1 mg/1 
0 . 0 3 5  0 . 0 21  
0 . 0 2 8  0 . 0 0 7  
0 . 0 2 5  0 . 0 0 3  
0 . 0 2 5  0 . 0  
0 . 0 2 5 o . o  
0 . 0 2 5  0 . 0  
0 . 0 2 5  o . o  
Removal 
% of  Total 
7 2 . 8  
1 8  .. 9 
8 . 2 
o . o 
o . o  
0 .,  0 
0 . 0 
..... w 
0 
bl I d 1 Profil 
Sample Iron1 
& Removal Removal Location Effluent mg/1 % of  Total 
0 - 17 . 5  cm o . 5 5.7 0 . 10 8  1 7 . 6 5 3 
( 0 - 7 " ) 
·r-i 17- 5  - 3 2 . 5  cm 0 . 12 0 . 4 3 7 7 1 . 4 0 4-1 




3 2 . 5  - 4 7 . 5  cm 0 . 0 8 5  0 . 0 3 5 5 . 7 1 
( 1 3  - 19 " }  
•n 
4 7 . 5  - 6 2 . 5  cm 0 . 0 7 3  0 . 0 1 2  2 . 0  � ( 1 9 - 2 5 11 ) 
- 6 2 . 5  - 7 7 . 5  cm 0 . 0 5 3  0 . 0 2 0  3 . 2 5 
r-1 
( 2 5  - 31 " )  
77 . 5  - 92 . 5  cm 0 . 0 5 3  0 . 0  o . o  
( 3 1  - 3 7 " ) 
t.!) 
9 2 . 5  - 1 0 7 . 5  cm 0 . 0 5 3  o . o  o . o  
( 3 7 - 4 3 1 1 ) 
l 
Influent I ron = 0 . 6 6 5  mg/1 
2 Influent Manganese = O . O G 2  mg/1 
3 ( 0 . 6 6 5  - 0 . 5 57 ) / ( 0. 6 6 5  - 0. 0 5 3 )  X 1 0 0  = 17.6 5 




0 . 0 4 0  0 . 0 2 2  
0 . 0 3 4  0 . 0 0 6  
0 . 0 3 0  0 . 0 0 4 
0 . 0 3 0  o . o  
0 . 0 3 0  o . o  
0 . 0 3 0  o . o  
0 . 0 3 0  0 . 0  
Removal 
% of  Total 
6 8 . 7 5 
1 8 . 7 5 
12 . 5  
o . o  
o . o  
o . o  
o . o  
f- J  
w ...., 
